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ARSTRACT. 
In recent yearsq considerable concern has been shown about the 
effects SPF cavitation has on the mechanical properties of super- 
plastic alloys. Thi's investigation was undertaken to ascertain 
whether Hot Isostatic Pressure (HIP) eliminated this cavitation in 
Supral 150 and correspondingly brought about an improvement in the 
mechanical properties. 
It was found that the density increased with various isothermal 
anneals; the activation energy for this process was close to that 
for grain boundary diffusion in aluminium (61.93 KJ mol-1). 
The rate of cavity sintering was seen experimentally to be 
enhanced by the application of pressures greater than 7 HPa, and had 
an activation energy of 62.42KJ mol-1. 
Complete cavity closure occurred when the external pressure was 
greater than the flow stress of the material at thaý temperature 
and strain-rate; the ratio of external pressure (Pe) to flow stress 
(of) increased with falling HIP temperature. The activation energy 
at constant strain-rate (Q-) associated with plastic flow under 
conditions of hole closure e was found to be 53.54KJ mol-1; giving 
a corresponding activation energy at constant stress (Qa), which is 
close to that for lattice diffusion in aluminium. 
The alloy used contained a high level of hydrogen which caused 
blistering on heat treatment, and was also responsible for the 
reappearance of porosity in subsequently heat-treated materialf 
previously returned to theoretical density; the extent of which was 
decreased by the use of higher temperatures and pressures or by 
vacuum degassing the material prior to HIP. 
Post SPF room temperature ductility was enhanced by HIP. The 
scatter in the 0.2% PS and UTS values found in as-received SPF 
specimens was not altered by the use of low pressure HIP (up*to 
35 MPa), although higher pressures (100 NPa) did slightly enhance 
these values and drastically reduced the scatter. 
Room temperature fracture of as-received Supral was by a 450 
ductile shear mechanism. 
In the SPF cavitated material, the external characteristics Of 
fracture had a more jagged appearance, as the cavitation alters the 
route of the propagating crack. 
0 
SPF material which has been HIPped to remove cavitation, fails 
in a manner similar to the as-received material. 
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Figure 100 - The variation of flow stress () with the temperature 4f -I for a strain-rate of 1x 10 sec in Supral 100 from 
the results of Bricknell and Bentley (158). 
Figure 101 - Densification data for Supral 150 by plastic yielding. 
Ashby (136) model plotted as broken line. Note, as 
P -+ P0 then complete densification; and vertical axis 
at infinity. 
Figure 102 - Plot of the variation of the ratio of external pressure 
(P 
e) 
to flow stress (P f) at a particular temperature and 
straitr-rateg with temperature* 
Figure 103 - Prediction of cavity closure sintering time using Ashby 
(135) theory for closure of grain boundary cavities by 
diffusion in Supral 150. 
Figure 104 - Prediction of cavity closure sintering time using Ashby 
(135) theory for closure of grain boundary cavities by 
diffusion in Supral 150 for initial cavity radius (r d 
of 50 um and cavity spacing of 200 Um. Dotted plot 
shows the result from Figure 103. 
Figure 105 - Effect of initial cavity levels (measured by density) 
and subsequent treatments on final elongation in room 
temperature tensile tests on SPF Supral 150. 
(x) 
Figure 106 - The effect of HIP temperature on elongation in Supral 
150 tensile tested at room temperature. The highest 
elongation is obtained after HIP at 500*C, (28 MPa, Jhr) 
+ T6. 
Figure 107. Effects of initial specimen density and subsequent 
treatments on room temperature ductility in vacuum 
degassed SPF Supral 150. 
Figure 108 - The effect of HIP temperature on room temperature 
ductility of degassed SPF Supral 150. 
Figure 109(a) Photograph showing the fracture surface of virgin Supral 
150 tensile test specimen. Note the 45* Shear fracture 
surface. 
Figure 109(b) As above but HIPped (450*C, 28 MPa. jhr) and T6 showing 
the ductile shear fracture. 
Figure 109(c) Fracture surface of SPF cavitated Supral 150; note 
jagged appearance where shear fracture direction is 
changed by cavitation. 
Figure 109(d) As above, but after HIP (4500C9 28 MPa, jhr) and T6 
showing the return to the 450 shear fracture seen in 
Figure 109(b). 
Figure 110 - SEM micrograph showing the cavitated nature of the 
fracture surface in Supral 150 tensile tested at room 
temperature. 
Figure 110(a) As above but showing failure by cavity interlinkage. 
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INTRODUCTION 
1.1 ALUMINIUM ALLOY DEVELOPMENT FOR AEROSPACE 
Aluminium alloys have been developed for aircraft use over the 
last five decades, progressing from the Durals (Al - Cu - I. I. - alloys) 
used in the 1940's to the introduction in the 1950's of the higher 
strength Al - Zn - Mg - Cu alloys. 
In the 1960's, development of supersonic flight raised the 
operating temperature of the aircraft skin to a level where it became 
necessary to develop new alloys and thus lead to the iron and nickel 
containing sheet version of the Al - Cu - Mg alloy known then as RR58 
(designated 2618) which was capable of operating at temperatures up 
to 1300C. 
By the late 1960's, aluminium alloy development was confined to 
improvements of existing conventional alloys (2024-T3, or 7075-T6) by 
means of microstructural control yielding a range of alloys (2048, 
2124,7050,7475) which had improved toughness and stress corrosion 
resistance but little in the way of strength increases over their 
conventional alloy counterparts (1,2,3). 
At this stage it would have been right to say that aluminium 
alloy development was well into the realms of diminishing returns for 
the effort expended. Yet, the ever present need to reduce weight in 
aircraft (not only because of the escalation of fuel costs in the 
early 1970's. but also because of the increasing load of avionics mil- 
itary aircraft now carry) led to a greater impetus for research into 
higher performance aluminium alloys (4,5,6). 
1.2 SUPERPLASTIC ALUMINIUM ALLOYS 
The phenomenon of superplasticity in metals was observed as early 
as the 1920's and publications on the subject appeared sporadically 
until the late 1960's, when interest from the aerospace industry led 
to research into superplastic aluminium alloys. 
Figure 1 shows the number of published papers on superplastic 
aluminium alloys from 1966 to the present day (7). The publications 
in any particular year are split into three categories - 
(a) Those papers concerned with superplastic aluminium alloy 
development 
(b) Superplastic alloys which also have good room temperature 
mechanical properties 
(c) Commercial alloys which have been thermomechanically treated 
to give a superplastic response. 
The alloys in the first category were those which were developed 
to understand the phenomena of superplasticity. Initially, studies 
on the Al 33% Cu eutectic were prevalent but more complex alloys (Al - Cu Mg, Al - Zn - Mg, Al - Mg - Si) started to be investigated 
- 
as early as 1970, although work on eutectics such as Al - Cu, Al - 
Ca and Al - Si has continued. Other novel concepts were also studied 
such as the Al - Al 03 Ga and Al - Ge alloys (7). As Figure 1 shows, 
research in this caiegory peaked in the mid-1970's and at present 
further major developments are unlikely. 
The second category includes development of superplastic 
aluminium alloys which exhibit good room temperature properties. 
Undoubtedly, the first alloy to be developed in this group was the 
medium strength Al - 6Cu - O-5Zr (2004), known commercially as SUPRAL 
100, which has been used in commercial production of engineering 
components for nearly 15 years at Superform Metals (8,9), although 
none of these has been found useful for use in highly stressed 
situations. 
The high strength version of the SUPRAL alloys (Supral 220) is ' 
currently undergoing mechanical and service property evaluation which 0 
may indicate its usefulness in highly stressed applications. 
The third category consists of the work published in trying to 
develop superplasticity in materials already used in aircraft 
manufacture. 
Basically, this approach utilises complex thermomechanical 
treatments (10,11), which produce a fine grain structure in the 
sheet rendering it superplastic. 
In the USA, the great bulk of research has tended towards this 
approach, resulting in the development of superplastic 7000 series 
alloys such as 7075 and 7475. 
More'recently, the development of Al - Li alloys (12,13,14, 
15) and Al - SiC (7) composites, has led to reviewed effort in this 
area. 
The interest in Al - Li alloys centres around the fact'that 
Lithium can significantly increase the elastic modulus and decrease 
the density of the alloy. 
In the past few years two international conferences have been 
held to discuss aluminium - lithium alloys (12,13). The first 
conference in 1980 included papers on production, physical metallurgy, 
room temperature mechanical properties and corrosion behaviour of 
these alloys. 
Much of the work now is on developing the various compositions 
and manufacturing techniques for achieving superplasticity in the 
Al - Li alloys. Typical compositions under investigation now include 
Al - Li - Zr, Al --Cu - Li - Zr and Al - Cu - Li - Mg - Zr. The as- 
received alloys are thermomechanically processed to create an ultra- 
fine grain size, so necessary for superplasticity. 
A more detailed review of the Al - Li alloys is present in 
references 7.129 13 and 15. 
- 
, 
In si=ary, Figure 1 shows how there has been an overall shift 
in interest in superplastic aluminium alloys, from being laboratory 
curiosities to materials which when superplastically formed, can be 
a viable manufacturing alternative to conventional forming techniques. 
1.3 COIMRCIAL APPLICATION OF SP FORMING ALUMINIUM ALLOYS 
Recent papers have shown, SP aluminium alloy components will be 
used increasingly in the aerospace industry (16,17,18) giving rise 
to both cost and weight savings. In Britain, commercially formed 
Supral 100 components have been in use for many years (19), but so 
far parts made from this medium strength superplastic aluminium 
alloy have been restricted to non-stressed applications such as 
helicopter air intakes, ejector seat components, and box covers. 
Work is now in progress to determine whether the higher strength 
aluminium alloys (SUPRAL 220,7475), can be used superplastically to 
form components for use in highly stressed applications. 
For the 7475 alloy, it has been recently shown (20), that super- 
plastic forming of a helicopter skid shoe (Figure 2) made convention- 
ally by welding eight parts made of steel, can be made superplastic- 
ally using 7475 in two parts which again are assembled by welding, 
as long as the cavity content that develops in the sheet during form- 
ing is restricted by an imposed hydrostatic pressure. In this 
exercise, a mass reduction of 65% was envisaged, whilst keeping the 
same manufacturing cost as the conventional part. 
Other studies in the USA on the viability of using SPF 7475 for 
applications in fighter aircraft show how the lower deck structure 
of an avionics compartment (Figure 3) can, when formed superplastic- 
ally, give savings of up to 50% (21). In bomber aircraft (22), 
similar savings can be achieved using SPF aluminium parts to conven- 
tionally formed components as illustrated in Figure 4. 
In Britain, an assessment of the potential SPF aluminium 
applications for future combat aircraft such as the Tornado, has 
revealed that replacement of conventionally formed parts by SPF 
structures (such as fins, fore planes and air intakes (Figure 5)), can 
produce up to 30% in cost savings (17). It is obvious from the 
literature that high strength SPF aluminium alloy components show 
great potential for use in highly stressed applications in the aero- 
space industry as long as the problem of cavitation, the level of 
which increases with increasing superplastic strain, is controlled. 
1.4 CAVITATION IN SUPERPLASTIC ALUMINIUM ALLOYS 
Most materials form internal voids when superplastically deformed (23). The occurrence of cavitation has been studied in a wide range 
of superplastic materials based on iron (24,25), copper (26), zinc (27), titanium (28), aluminium (29) and other metals. 
Cavitation in superplastic aluminium alloys has caused consider- 
able concern to potential users of formed components. The reason for 
this reaction is that cavitation can lead to degradation of service 
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properties (30p 31,32) such as tensile, creep, fatigue and stress- 
corrosion behaviour. 
The causes and effects of cavity formation in superplastic , 
alloys will be discussed fully later, but the heat-treatable, high 
strength superplastic alloys of interest (7475, Supral 220). belong 
to a group whose grain structure is stabilised by a dispersion of fine 
particles. It is these particles which are a main cause of cavity 
nucleation in the alloys as the extent of superplastic 
deformation is increased. For the 7475-T6 alloy sheet, at a strain- 
rate of forming of 4x 10-4 sec-l and the temperature of 5210C, 
negligible cavitation is produced in the component until a strain of 
150%, after which cavitation increases rapidly with increasing strain 
and at 200% strain levels, cavitation levels of 12% are not uncommon 
(33). This cavitation decreases markedly the percentage elongation 
obtained in a room temperature tensile test for superplastic strains 
over 150%--ý (33). The values of the tensile strengths are also seen 
to depreciate at strains above 180% (34). Cavity formation in Supral 
alloys behaves in a similar manner to 7475 and as Figure 6 shows (32) 
the void volume in both Supral 150 and Supral 220 rises very sharply 
after a true thickness strain of 0.7 (corresponding to a strain in 
the component of 100%), giving void volumes in the component greater 
than 8%. This is reflected in a reduction of the mechanical 
properties such as yield strength, elongation percent and fatigue 
strength (32). 
It is obvious that reduction or elimination of cavitation in 
SPF components is necessary before they can be used for highly 
stressed applications. In principle, cavitation could be removed by 
sintering, but even if temperatures higher than those for forming are 
used, for instance when solution treating the alloy (as part of the 
heat-treatment), removal of only the smaller cavities occurs (19) and 
elimination of the larger voids would be a lengthy process. Cavita- 
tion, however, can be eliminated by the use of pressure, whether 
back pressure during forming (35,36) or post-forming hot isostatic 
pressure (37,38,39). 
1.5 HOT ISOSTATIC PRESSING (Hip) 
It was Blaise Pascal (1623 - 62) who proposed a law to the effect 
that "pressure applied to a confined fluid at any point is trans- 
mitted undiminished through the fluid in all directions and 'acts upon 
every part of the confining vessel at right angles to its interior 
surfaces and equally upon equal areas". 
It is the application of this law which explains densification 
of particulate matter contained in a flexible container when sub- 
jected to pressure acting through a suitable pressure transmitting 
medium. The pressure acts equally over the surface of the container 
which, being flexible, squeezes the powder uniformly to a compact 
whose external geometry is smaller, but of similar shape to the 
original container. 
The terms lisostatic pressing' and 'hydrostatic pressing' relate 
to the omnidirectional application of pressure inside a. vesselp the 
- 
former term is generally used to include gases and liquids as the 
pressure transmitting medium whereas the latter applies only to 
liquid. The application of pressure at room temperature-is referred 
to as Cold Isostatic. Pressing (CIP) (40) and the simultaneous applic- 
ation of pressure and temperature is known as Hot Isostatic Pressing 
(HIP). 
HIP development has gone from the laboratory to commercial 
usage in a relatively short span of time. 
The first use of HIP was in the USA, as early as 1956, involv- 
ing gas pressure bonding for cladding uranium dioxide fuel elements 
(41). 
Much of the early work on consolidating powders by HIP was per- 
formed for the nuclear industry since many experimental fuel elements 
were derived from powder products. By the mid-1960's, HIP was being 
used for the consolidation of high quality pre-alloyed powders 
(produced by the gas atomisation process) for the production of high 
speed tool steels (40). 
The healing of porosity and micro-defects (especially in 
castings) by HIP was first utilised in the mid 1970's (42,43,44, 
133,134) and as Table 1 shows there are many casting alloys currently 
processed by HIP (45). The improvement in the mechanical properties 
(strength, ductility, fatigue resistance) of these castings by HIP 
is well documented (45,46,47). 
Currently HIP is used on a variety of engineering applications. 
For instance, in the consolidation of superalloy powders into near 
net shape turbine components of 100% theoretical density resulting in 
material of improved mechanical properties (48). 
Metal-matrix composites and the bonding of corrosion-resistant 
sheets to gas turbine black airfoils are being developed with the use 
of HIP for gas pressure bonding (49). The application of gas press- 
ure bonding can still be exploited, since the effects of pressure at 
elevated temperatures can be used to join dissimilar metals which 
cannot be constructed by conventional methods such as welding. 
When interwoven carbon fibres are impregnated with a carbonac- 
eous binder, such as pitch tar, and HIPped under suitable conditions$ 
the resulting product known as Hot Isostatic Pressing Impregnation 
Carbon (HIPIC) (50) can be used in a cost effective manner to produce 
components (such as missile nose tips, nozzles and heat shields) 
where weight, reductions are more paramount than performance. 
By far the greatest use of HIP is the densification of components 
by the removal, of flaws or voids contained within them, either because 
of-the production process as in casting. (45), ceramics (48) and car- 
bides (53) or as a consequence of their service conditions, for instance, the creep cavitation present in gas turbine blades (51,52). 
Sintered carbide components are manufactured by taking the car- 
bide powder, cold pressing, de-waxing and sintering. These are then 
- 
HIPped, which not only reduces the internal porosity and ensures a 
defect-free surface but also leads to the improvement of mechanical 
properties (53). Typical pressures employed for this HIP would be 
up to 100 HPa, with temperatures as high as 15000C. 
For the densification. of ceramics, the pressures and temperatures 
used can be higher (up to 200 MPa and up to 22000C), but the method 
employed is similar to that used for other materials. The part is 
enclosed in a glass container which is pre-heated until it becomes 
plastic; pressure and temperature are then employed simultaneously 
so that the material is sintered and HIPped in a single operation. 
1.6 HIP OF CASTING DEFECTS 
HIP is used frequently in removing casting defects, especially 
shrinkage porosity from precision-cast nickel and cobalt-based 
superalloy gas turbine components (45), rendering a product which 
not only has a more homogeneous microstructure but better creep and 
fatigue properties. 
Titanium alloy castings produced predominantly from the Ti - 6AI 
- 4V alloy are used for many applications in the aerospace and 
marine environments because they offer good creep resistance, fatigue 
crack growth resistance, fracture toughness and tensile strength 
(54) and also because full densification of cast components can be 
brought about with the use of HIP, which not only closes the casting 
porosity, but because titanium alloys are able to dissolve their own 
oxides at high temperatures, sealing of pores through metal/metal 
diffusional processes is complete. The improved mechanical proper- 
ties (after HIP), make it possible to employ titanium alloy castings 
in highly stressed, critical service applications. Typical examples 
are aerospace compressor impellors, compressor cases, inlet guide 
vanes, engine housings and helicopter rotor hub; s (54). 
The use of aluminium castings for aircraft structural components 
is restricted despite the low-cost manufacturing method. Casting 
alloys such as A357 (Al - 7Si - 0.6Mg) have mechanical properties 
below those of the wrought aluminium alloys, thus use of the former 
often entails a weight penalty. The other problem is that porosity 
and other casting defects lead to a scatter in the mechanical property 
data. Recent work has shown that HIPping cast A357 not only elimin- 
ates the casting defects, increases the values of proof stress$ 
tensile strength and elongation, but also reduces the scatter in the 
mechanical property data (55). 
A relatively new casting alloy, A201, which has better mechan- 
i. cal properties. than the A357, is now being considered for use in 
structural applications. HIPping of this casting alloy (at 9500C 
100 MPa, 3 hours) decreases the scatter and improves properties by 
healing the microshrinkage porosity giving property values approach- 
ing those of the wrought 7075 and 7050 alloys (56). 
1.7 HIP OF SUPERPLASTIC ALLOYS 
As discussed in Section 1.4, most fine particle stabilised 
- 
superplastic alloys cavitate during deformation. The amount of cavity 
formation being dependent on the extent of superplastic strain. 
Superplastically formed cavities can be eliminated by pressure, 
whether applied during forming (35,36), or post-forming hot iso- 
static pressure (37,38,39). 
The use of back pressure to suppresi 
7475 alloy system is now well documented 
confining pressure of 4MPa is sufficient 
although this figure is dependent on the 
components ' 
the rate of forming and hence 
material (35). 
5 cavity formation in the 
(2,34,35) and generally a 
to reduce cavitation 
superplastic strain in the 
the flow stress of the 
Recent work on the Aluminium-Lithium alloys (17) has again 
shown that a back pressure of 3.5 MPa can eliminate cavitation in 
regions containing true strain levels greater than 1.2. 
For the Supral 220 alloy, slightly higher back pressure is 
required (than for 7475 and Al - Li) for cavity suppression, this Is 
believed to be a result of the higher flow stress of the material 
under the optimum forming conditions (17,36). It is apparent that 
the range of back pressures used so far during forming limits cav2. ty 
growth rather than inhibits cavity nucleation, the smaller voids 
being three or four orders of magnitude in number greater than the 
larger voids (36). 
The application of confining pressures up to 5 MPa in a produc- 
tion environment would require investment in new forming equipment or 
adaptions of existing equipment for pressure use. Both these alter- 
natives would lead to higher processing costs. Alternatively, the 
closing of cavities by a post-forming HIP does not compromise 
existing tools or forming presses but does require the development 
of cost effective HIPping processes (19). 
Many of the commercial Hip units now available are capable of 
reaching temperatures of up to 20000C and withstanding pressures 
greater than 200 MPa. 
Treliminary work on the Supral 220 has shown that under a 
pressure of 100 MPa and a temperature of 3500C, cavitation in formed 
Supral 220 can be eliminated with the resultant improvements in 
tensile properties (19), although the cost of processing is high due 
to the higher pressure equipment used. 
An alternative approach would be to ascertain whether lower 
pressures (up to 35 ITa) and temperatures (down to 3500C) would be 
effective in removing superplastically formed cavitation in alumin- 
ium alloys. So far very little work has been performed to quantify' 
these parameters although recent work on the 7475 high strength 
aluminium, alloy has shown that HIPping at 3 MPa and 5160C reduces 
the cavitation especially at lower superplastic strains (57), by 
increasing the rate of cavity sintering; however, they suggest that 
greater pressure is needed to eliminate cavitation completely. 
0 
- 
The present investigation will determine the combinations of 
pressure, temperature and time required for cavity closure in the 
Supral 150 (clad 2004) alloy. In summary, Hot Isostatic Pressing 
can be used to prevent or eliminate internal porosity in a wide range 
of materials, whether caused by the manufacturing process (as in 
castings and SPF) or by the service conditions (creep cavitation in 
turbine blades). It is not clear if this process (either when 
applied as back-pressure during forming, or as a post-formed HIP) 
seals the porosity rather than just bringing the surfaces of the 
voids together. The extent of void sealing can be indicated by 
mechanical property data, although this property is also dependent 
on the condition of the material. 
If dissolved gases are present in the material, then these may, 
under elevated temperature conditions, promote the re-opening of 
cavities closed during the HIPping operation. 
1.8 INFLUENCE OF INTERNAL GASES 
Industrial processes designed to yield metallic products are 
generally conducted in environments containing sources of gases 
which can be absorbed by the metal. 
For many materials, retained hydrogen in the melt, even in trace 
quantities, can have a deleterious effect on the character and 
properties of the products. 
In aluminium castings, although the solubility of hydrogen is 
low: when compared to other metals, the ratio of solubility in the 
liquid to that in the solid at the freezing point is approximately 
twenty to one, resulting in the tendency for hydrogen to come out of 
solution causing porosity in the cast metal (58). 
In ingots for wrought products, the presence of hydrogen gas in 
the voids inhibits healing, even under the extreme pressures and 
temperatures of hot working, and is responsible for such defects as 
bright flakes in forgings (58) and blisters on annealed or solution- 
treated materials (59). For aluminium alloys, hydrogen absorption 
can occur in the solid-metal during manufacture, for instance during 
industrial annealing at 5000C of hot-rolled plates of pure aluminium 
, (60)t 
Another source is water vapour in furnace atmospheres and work 
as early as the 1960's has shown that solid Al - Mg alloys readily 
absorb hydrogen from water vapour in the temperature range 400 - 
5000C and the gas rapidly penetrates thin sections. This absorption 
is catalysed by sulphur which is often present in industrial furnace 
atmospheres (61,62). Hydrogen therefore can exist in wrought 
products. 
It follows that superplastic materials must also be susceptible 
to hydrogen absorption. Surface blisters and pores have been observed in the fine grained 7475 when subjected to elevated temperature 
exposure (above 5000C) for one hour, which are distinct from super- 
plastic cavitation. These are attributed to the outgassing Of 
- 
hydrogen trapped in the alloy from earlier processing stages, prin- 
cipally the solidification process. It was also found that continued 
annealing at this temperature for longer periods of time eventually 
shrinks the internal pores, but only if hydrogen is able to escape 
from the sheet. Furthermore, if a high hydrogen content was present 
(at the elevated temperatures) at the surface of ' 
the material, this 
enhanced the growth of both internal pores and surface blisters 
(63). Apart from the work mentioned above, very little has been 
published on the effects of hydrogen gas on superplastic materials. 
1.9 EFFECT OF HIP ON INTERNAL GASES 
If, during HIP, the void contains gas, closure may be accompanied 
by :- 
(a) Gas solution in the metal, if soluble 
(b) If insoluble, reaction by the gas with the metal to form non- 
metallic inclusions, 
(c) non-reaction with the metal, but merely compression. 
For titanium alloys, porosity is not only closed but sealed by 
the HIP process, probably because perfect bonding of the void 
surfaces has occurred, as titanium dissolves its own oxide at 
elevated temperatures. 
In aluminium alloys, porosity disappears with HIP but frequently 
reappears upon subsequent heat treatment. Recent work has shown 
that HIPping of the A356 (Al 7.0 Si) casting alloys has success- 
fully closed porosity. The hydrogen solubility is claimed to be 
directly related to the square root of the pressure and at 5000C 
hydrogen solubility in the alloy increases thirty two times at an 
external pressure of 100 MPa, thus during the higher pressures of 
HIP redistribution or repartition of hydrogen from the voids is 
assumed to occur, resulting in a state of closed porosity. Subsequent 
solution treatment of this casting alloy resulted in hydrogen 
diffusion to grain boundaries where porosity reappeared (47). 
There is no published information as to whether heat-treatment 
subsequent to HIP causes the reappearance of porosity in superplastic 
materials, as most papers published on cavity closure just give 
details of the parameters used successfully to close cavities and 
the effect this has on the mechanical properties (34,46,37). 
As mentioned earlierl work has shown that hydrogen out-gassing 
occurs in superplastic 7475 when annealed at 500ýC (34). There is 
no reason to assume that the hydrogen present in this alloy will be 
removed by a HIP process (applied either during forming or after), 
especially when the surface of the material during HIP is experienc- ing a positive pressure. It is obvious that more attention needs to 
be paid to this problem. 
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CHAPTER 2- SUPERPLASTICITY 
2.1 INTRODUCTION 
The phenomenon of superplasticity where specimens deformed in 
tension at low stresses exhibit essentially neck-free elongations of 
many hundreds of percent, was first reported by Jenkins (76) as 
early as 1928, and in 1934, it was Pearson (64) who pulled an 
extruded sample of the Bi - Sn eutectic alloy nearly 2000% at room 
temperature. 
Interest in the field was revived following the work of 
Backofen et al (77) and since then a tremendous amount of research 
has been conducted in this and closely related fields with many 
excellent reviews by workers in the area on mechanical properties 
(65), metallographic and crystallographic texture changes (66,67) 
and operative mechanisms (68), deformation mechanisms (67) and flow 
and fracture characteristics. 
In the last decade, extensive work has been published on'the 
development of superplastic materials for use in commercial 
applications, as discussed in Section 1.3. 
General reviews on all aspects of superplasticity have also 
been published by Edington (68) and more recently by Padmanabahn and 
Davies (72). Major conferences on superplastic materials, held in 
1982 (5) and in 1985 (6,14), show how much of the interest in 
superplasticity has transferred from being a laboratory curiosity 
to a commercially viable forming process. 
Superplastic materials can broadly be divided into two groups: - 
(a) Environmentally superplastic materials 
Structurally superplasticity 
For both groupsi the applied stress for superplastic deformation is dependent on the strain rate, and can be characterised in terms 
of the strain-rate sensitivity index, m, as propounded by Backofen 
et al (77) 
Kýra and ma 
109 cr 
a log 6 
(1) 
where a is the applied stress, C is the strain-rate and K is a 
constant for a given set of testing conditions. Both K and m are dependent on testing parameters such as temperature and strain rate. This would suggest that for Newtonian-viscous solids (m . 1), elong- 
ation in tension should be uniform and without irregularities in th, e cross-section. 
For superplastic, materialso increased resistance to local 
necking and high elongations are observed for m>0.3, althouh the elongation during superplastic flow is not neck-freet instead a 
0 
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series of diffused necks develop leading to the large elongations 
(78). 
2.2 ENVIRONMENTALLY SUPERPLASTIC MATERIALS 
Edington (67) has compiled a list of environmentally superplastic 
alloys, and explains that the most common conditions under which 
this occurs are :- 
(a) during temperature cycling through a phase change; 
(b) during temperature cycling of a thermally anisotropic 
material; 
(C) during neutron irradiation. 
Superplastic behaviour is generally observed in these materials 
when a small stress is applied in conjunction with the above 
conditions. 
As the main interest of this work lies in structurally super- 
plastic materials, no further reference will be made to environ- 
mental superplasticity. 
2.3 STRUCTURAL SUPERPLASTICITY 
This type of superplasticity is associated with materials having 
a fine (< 10 Vm), stable, equiaxed -, rain size at temperatures 
greater than 0.5 Tm, and posessing m-values greater than 0.3, at 
strain rates of between 10-2 to 10-4 sec-1. 
Most superplastic materials exhibit a sigmoidal logarithmic 
stress versus strain rate curve (Figure 7), which is conventionally 
divided into three regions. Superplasticity is observed in region 
II where the slope of the plot, (generated by step-strain rate 
technique), given by m= (tn a/In 6) is at a maximum (Figure 7b). 
Paton (80) has written an equation which fits the curves 
generated by the step strain-rate technique under conditions which 
do not favour work hardening of the material or when it is not 
subject to microstructural changes. This can be written as 
ao) +K2aN 
where Kl, K2 and N are constants and a0 is the threshold stress. 
If, as in some aluminium alloys, grain growth occurs,, then the 
variation in the flow- stress due to this and other variables has 
to be considered, suggesting an equation of the form (79) :- 
.m cr 
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where n is the strain hardening exponent. 
As mentioned earlier, a high strain-rate sensitivity (> 0.3) 
opposes the development of local necks and is therefore resp'onsible 
for the large elongations observed, as shown by Woodford (104) 
Figure 8, where elongation to failure increases with rise in the M7- 
value. Various methods of applied mechanics have been used to 
predict the elongations to fracture of materials that fail by 
necking (81,82) and have been evaluated by Sherby et al (83). 
Several factors can contribute to limited ductility in super- 
plastic alloys :- 
(a) The alloys cavitate during high temperature deformation, 
as will be discussed later in Chapter 4. 
(b) Microstructural instability occurs due to loss of grain 
size control, which will also be discussed later. 
2.4 MICROSTRUCTUR4L ASPECTS OF STRUCTURAL SUPERPLASTI=Y 
The investigations on the microstructural aspects involve the 
role of grain shape and size, grain growth, grain rotation and grain 
rearrangement, dislocation activity and the distinction between 
phase boundaries and grain boundaries in the superplastic deforma- 
tion process. 
Despite the imense amount of work in obtaining structure- 
property correlations, several microstructural issues still remain 
unclarified, such as the role of grain growth, especially at low 
strain rates, the details of the process of accommodation at triple 
points due to grain boundary sliding (GBS) and migration, the role 
of dislocations'in the deformation process and in the accommodation 
mechanisms. 
Although attempts (68,72,78) have been made to resolve these 
issues, no major advances have been made in unravelling the sub- 
structural details of the mechanism and there-is still a lack of 
satisfactory correlation between microstructure and mechanical 
properties. 
This section will briefly review all the microstructural aspects 
of superplastic deformation. 
2.4.1 Initial Microstructures 
The ability to obtain fine grain sizes (< lopm) in superplastic 
materials depends essentially on the alloy composition and/or on 
the thermomechanical treatment. 
For two phase or multi; -phase systems, such as the Al - 33% Cu 
eutectic, the diffusion path needed for grain growth is increased by 
the presence of the second phase, thus, the small grains produced 
by thermomechanical means in such alloys are relatively more stable; 
this stability is also enhanced by the greater difference between 
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the diffusivity of the two phases and by the presence of more 
boundaries between dissimilar phases. 
Several superplastic alloys have been developed recently which 
use the presence of hard intermetallic compounds or precipitates to 
pin grain boundaries and inhibit grain growth. Unfortunately, such 
dispersions also influence the recrystallisation behaviour during 
hot working or static annealing 'and may produce microstructures 
which are not fully equiaxed (84). Instead, the grains are elong- 
ated in one or two directions as shown in Figure 9. Figure 9a, 
generally being due to extrusion or swaging and the Figure 9b from 
rolling. Characterisation of the elongated microstructure in super- 
plastic alloys is by the grain aspect ratio (GAR), defined as the 
ratio of the longitudinal to the transverse dimensions of the grains. 
GAR values depend on alloy composition and the degree of working. 
Typical values range from 1.5 for a 60/40 brass (85), 4.67 for 
Ti - 6A1 - 4V alloy (86) and from 1-7 for a Pb - Sn eutectic alloy 
depending on the thermomechanical treatment (84). 
2.4.2 MicrostructuraZ InstabiZity 
Many publications show that microstructural instability occurs 
during superplastic deformation and this can be broadly divided into 
two categories :- 
(a) Change of as-worked (also short-statically annealed) 
unstable microstructures 
(b) Changes associated with the micromechanisms of deformation. 
The presence of elongated grains results in initially higher 
values of the flow stress (85) and lower values of m (87), with the 
elongated structure gradually becoming equiaxed (85,86), the GAR 
stabilising at - 1.2 during the early parts of deformation. The 
strain at which a stable, equiaxed structure is obtained is dependent 
on the alloy system, initial GAR, test temperature and strain rate. 
- The values for such strain level experimentally observed is 
listed in Table 2. 
2.4.3 Grain Growth 
Another microstructural feature now established is that grain 
growth takes place during SUperplastic deformation (84,85,86)9 
resulting from either static annealing at elevated temperatures 
during deformation or strain enhanced growth due to the deformation. 
For the Fe - 25.7Cr - 6.6Ni at 1000OC9 the grain growth 
kinetics (88) are of the form :- 
dat0.49 = t0.19 e 0.29 .t0.19 e 
0.29 
t 
0.29 (A) 
da 60.29 t 0.48 
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where d is the grain size, t, t and t are the time in minutes 
relating to combined, static 
A dynamr1c annealing and 6 is the 
strain rate. Other workers (85) have concluded that post-deformation 
grain size is dependent on the time at temperature and not the 
strain. 
In attempting to isolate the effect of strain-rate on grain 
growth, Clark and Alden (89) postulated the"growth enhancement para- 
meter (Ad/da), where Ad is the difference between the grain size 
after deformationo d, and the grain size of a specimen statically 
annealed at the deformation temperature for an equal time, da. 
Their results show that Ad/da increases with strain, the rate 
of grain growth reaching a maximum at intermediate strain- rates, 
Figure 10. Wilkinson and ' 
Carteres (90) have analysed the data on 
several superplastic materials, Figure 11, which shows that the rate 
of -rain growth at intermediate strain-rates seems linearly depend- 
ent on the strain rate, yet relatively insensitive at higher or 
lower values of strain-rate. It has been suggested that grain 
boundary mobility as a consequence of increasing vacancy concen- 
tration is responsible for grain growth during superplastic deforma- 
tion, Figure lla (90). 
2.5 RTCROSTRUCTUR4L CHANGES ASSOCIATED WITH DEFORMATION MECHANISMS 
. Grain boundary sliding, diffusion and dislocation activity 
operate during the high temperature deformation of superplastic 
materials. Figure 12 illustrates the influence of these mechanisms 
in the different superplastic regimes for two alloys (84). 
2.5.1 Grain Boundary Slidina 
Extensive interface (either grain or phase boundary) sliding 
is commonly observed during superplastic flow, even in systems where 
diffusional creep is found to be the dominant mechanism (91). The 
contribution of grain boundary sliding, generally, is at a maximum 
in region II and decreases at higher (region III) and lower (region 
I) strain rates. 
Grain boundary sliding is also dependent on the alloy composition 
and the conditions of deformation . 
Chandra et al (92) measured grain and phase-boundary sliding in 
a/a brass and found sliding occurred on a -6 boundaries more rapidly 
than on a-a or a-0 interfaces. Yet Vastava and Langdon (93) 
found sliding (in all three regions of the kna vs knt curve) took 
place predominantly at the Sn - Sn boundaries in a Pb - Sn alloy and 
none occurred at the Pb - Pb interface; however, the extent of 
sliding between Pb - Sn boundaries was intermediate between the two* 
These observations have led to the suggestion (84) that maximum 
sliding occurs at interfaces with the highest values of 6DSbl where 
6 is boundary width and Dgb is the grain boundary diffusion coeffic- 
ient. 
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2.5.2 Grain Boundary Migration 
The occurrence of grain boundary migration (GBII) during super- 
plastic flow is well documented (94,95). Lee (96) suggests that 
GBS is followed by GBM at triple pointu to minimise boundary energy, 
Figure 13, resulting in two adjacent grain boundaries having opposite 
curvatures, which explains the curved boundaries often observed after 
superplastic deformation. Yet this model cannot account for the 
bulbous aspect of the previously straight boundaries. A possible 
explanation (97) might be that further GBM is activated due to dis- 
location activity in the grain mantle. 
The observation of denuded or precipitate-free zones near grain 
and interphase boundaries (95) can be attributed to strain-induced 
boundary migration which takes place in such a way that the boundary 
moves away from its centre of curvature (97), leaving an unusually 
curved shape, Figure 14. The moving boundary leaves behind a region 
which is cleaner, asmigrating boundaries usually drag away impurity 
atoms# 
2.5.3 Grain Rearranaement 
This takes place during superplastic deformation and'two grains 
which are neighbours may, after deformation, be many grain diameters 
apart. Grain rearrangement may be facilitated by grain rotation (98) 
and governed by GBS (99). In situ tensile straining experiments in 
a lmV electron microscope by Naziri et al (100) of thin foil Zn - Al 
eutectoid alloy showed that extensive grain rearrangement takes 
place during straining. 
Hazzledine and Newbury (101) suggested that during deformation 
voids open at interfaces and are filled by grains emerging from 
adjacent planes, Figure 15; they calculated that at a strain of 1.9'0 
half of the grains in the plane section will be new grains from 
locations above and below it, leading again to exttnsive grain 
rearrangement. 
2.5.4 DisZocation Activity Durinq Superptastic Deformation- 
Much early electron microscopy work suggested that dislocation 
activity did not occur during superplastic deformation (95,100). 
In situ straining experiments by Naziri et al (100) showed very little 
dislocation activity, yet it has been suggested that under the 
experimental conditions used an unusually high vacancy flux was 
created throughout the specimen, and this effect which ' 
facilitates 
dislocation climb may have masked or eliminated dislocation activity- 
The lack of dislocations in transmission electron microscope 
. examination of thin 
foils prepared from deformed specimens does not 
prove that dislocation mechanisms are inoperative during deformation, 
as they may either have been annihilated during unloading of the 
specimen at temperature, or lost during the preparation of the thin 
foils (84). 
In recent years there is mounting evidence of dislocation 
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activity during superplastic deformation. These include direct 
observations in TEM studies (99,102)9 where the tensile specimens 
were quenched under load, observations of slip lines on gauge 
surfaces (103) and the stabilisation-and formation of new textures 
(104). 
A more detailed discussion of this subject is presented in 
reference 84. 
yncanic Recoverýy 5.5 D, 
The fine substructure characteristic of recovered metals evolves 
during strain hardening where dislocations multiply and become 
entangled. This process occurs more readily in metals of high 
stacking fault energy (SFE) as the mechanisms involve climb, cross- 
slip and node unpinning. 
Gardner and Grimes (152) indicate that increasing the magnesium 
content of an Al - Mg alloy reduces the stacking fault energy thus 
making dynamic recovery: less probable. 
2.5.6 Dynamic RecrystaZZisation 
In dynamic recrystallisation, the migration of a high-angle 
grain boundary annihilates large numbers of dislocatlons producing 
a dislocation-free lattice. New grains continually replace the 
work hardened ones and maintain a fine equiaxed grain structure. 
Aluminium alloys have a high stacking fault energy, making 
dynamic recovery more likely. Superplastic aluminium alloys (such 
as SUPRAL) rely on dynamic recrystallisation to achieve the fine 
grain size during deformation. It is necessary thus to retard 
dynamic recovery in these alloys and this is achieved by the addition 
of alloying elements. 
The effect of solute additions is to retard dynamic recovery by 
causing more dissociation of the dislocation partials 9 making cross- 
slip more difficult. This increases the stored energy-in the 
material, encouraging recrystallisation. 
In the alloy of interest to this investigation, SUPRAL 150, the 
additions are present partially in solid solution and partially in 
the form of intermetallics. 
The presence of copper in this alloy is thought to reduce the 
SFE and thereby encourage dynamic recrystallisation (121) during hot 
deformation, whereas the Zirconium, which exists as fine ZrA13 d's- 
persion, is present to inhibit static recrystallisation after cold 
working and also to restrict grain growth by boundary pinning during 
hot deformation (121), thus allowing the superplastic mechanisms 
discussed to occur more rapidly. 
Much work has been published on dynamic recovery and recrYstall- 
isation (152), further reference to these mechanisms will only be 
made in connection with the present investigation (Chapter 3). 
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In sui= ry, the major microstructural characteristics of super- 
plasticity are : 
1. Elongated or non-equiaxed microstructure becomes uniform and 
equiaxed during the initial stages of deformation (up to 20% 
strain) and remains so even after thousands of percent strain. 
2. Previously straight interfaces become curved, sometimes phase 
boundaries have a bulbous effect. 
3. Strain-enhanced grain growth occurs with maximum sensitivity 
at intermediate strain rates. 
4. Deformation zones are formed on boundaries approximately perpen- 
dicular to the tensile axis. 
5. Extensive grain boundary sliding and migration as well as grain 
rotation takes place during deformation. Three dimensional grain 
rearrangement is also seen to take place. 
6. Considerable dislocation activity occurs during superplastic 
flow, with dislocatiom generated at or near boundaries. Annihil- 
ation occurs in the grain boundaries, 
2.6 MODELS FOR STRUCTURAL SUPERPLASTICITY 
It is clear from Section 2.5 that GBS plays a major role in 
superplastic deformation. For this reason only models which are 
based on GBS are relevant, however, in order to maintain grain contact 
extensive material transport by grain boundary or bulk diffusion or 
by dislocation creep is necessary. 
A complete review and discussion of the models of superplasticity 
are presented by Padmanabahn and Davies(72). The following section 
will review a few of the models which best fit the microstructural 
observations of superplastic deformation. 
2.6.1 Grain Boundary SZidina, DisZocation Motion Accomodation Rate- 
ControlZing 
Figures 16 a, b and c show schematically the model for super- 
plastic flow in terms of GBS with rate-controlling accommodation at 
triple points by dislocation motion. 
Ball and Hutchison (105) suggested groups of grains slide as a 
unit until obstructed by an unfavourable grain (Figures 16a). The 
resultant stress concentration being released by dislocation notion 
in the blocking grain. Dislocations, pile up until the back stress 
stops the sliding process, and further sliding requires climb by the 
leading dislocations into and along the grain boundary, this further 
sliding being dependent on the rate at which dislocation climb occurs 
in grain boundaries-towards annihilation sites. 
Mukherjee (106) proposed a similar model except that grains 
slide individually whilst dislocations were produced by ledges and 
protrusions in the boundary (Figure l6b). 
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Gifkins (107) proposed accommodation of GBS required dislocation 
motion by their climb either in or near grain boundaries, the so- 
called mantle. No dislocations transversed the 'core' of the 
grain (Figure 16c). 
Gittus (109) applied the core-mantle model to two phase eutec- 
tic/eutectoid superplastic materials and treated the sliding process 
by the motion of superdislocations in the interface. 
2.6.2 Grain Boundary Stiding., Diffusion Accomodated FZow Rate 
This theory developed by Ashby and Verrall (108) described the 
grain switching effect illustrated in Figure 17. GBS occurs with 
material transport by grain boundary and bulk diffusion to maintain 
grain continuity. Dislocation creep takes place but makes a smaller 
contribution as the strain rate is reduced, being insignificant at 
maximum strain-rate sensitivity, m. 
None of the theories si=arized here is entirely satisfactory 
and these and others have been discussed in detail elsewhere (72). 
Table 3 shows how the models discussed fit the microstructural 
observations during superplastic deformati-on. 
2.7 FAILURE IN SUPERPLASTIC MATERIALS 
If a cylindrical bar of a crystalline solid is pulled in tension 
(Figure 18), it may fail either by necking down until the cross- 
section, locally becomes zero. Alternatively, at high temperatures 
. 
(, > 0.3 Tm)q it may fail by various sorts of creep fracture, either 
transgranular or intergranular. At low temperature (< 0.3 Tm)9 
failure may occur by cleavage or brittle intergranular fracture; or 
it may fail in a ductile manner (110). 
Failure of alloys under superplastic deformation conditions 
occurs either by intrinsic plastic failure (70) or by cavitation 
fracture (23). Practically, cavitation is present in all superplastic Aluminium 
failure processes, so that reductions in area at fracture are never 
100%. 
Failure in superplastic materials range from marked necking 
(with close to 100% reduction in area), to quasibrittle fracture with 
very little necking. Figure 19 illustrates the stress-strain curves 
for these types of alloys; a ductile PbCd alloy and a quasibrittle 
a/$ brass (70). 
2.7.1 Intrinsic Faiture 
This type of failure is determined only by the necking character- 
istics of the material which in turn are governed by the constitutive 
equations of flow. An incipient necTc,. will not grow if the flow stress 
(a ) is less than the rate of hardening (Baf/ae). The flow stress is 
a 
function 
of variables such as straing strain-rate, temperature, 
surface energy and microstructural characteristics. A small increase 
in strain-rate sensitivity of the material does lead to marked retard- 
ation of necking. 
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Experimentally, Sagat and Taplin (111) took the non-cavitating 
Pb Cd eutectic and categorized its two stages of instability. 
Instability I (slow neck growth) is reached early in the test 
with the formation and growth of several necks. 
The second stagel which is the onset of intrinsic plastic fail- 
ure, is strongly dependent on m and occurs when one of these necks 
becomes preferential and rapid. 
Further discussion of this type of failure can be found in 
references 71 and 111. 
2.7.2 Cavitation Failure 
This process may lead to fracture with very little necking. 
Cavitation in superplastic alloy systems is seen to increase at 
lower strain rates (112), bia independent of strain-rate (113), or 
decrease with higher or lower strain-rates (29). The causes and 
effects of cavitation differ for each system, as will be discussed 
later in Chapter 4. 
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CHAPTER 3- SUPERPLASTIC ALUMINIUM ALLOYS 
3.1 INTRODUCTION 
The development of superplastic aluminium alloys was discussed 
in Chapter 1. This section will concentrate on the various aspects 
of superplasticity in the class of alloys relevant to this work. 
Several different approaches have been used to achieve a fine 
grain size in aluminium. alloys and Lloyd and Moore (114) classify 
these into three types : 
(1) Coarse particle stabilised alloys 
(2) Dual phase alloys 
(3) Fine particle stabilised alloys 
It is not intended here to dwell on categories 1 and 2, other 
than to give an outline of the mechanics of their behaviour, as the 
type of material being investigated belongs to the third category. 
3.2 COARSE PARTICLE STABILISED ALLOYS 
In these alloys, particles of about 0.2 to 0.5 um diameter are 
used to stabilise a fine grain structure. It was Zener (115) who 
showed the driving force for grain boundary migration, Po produces 
unpinning of grain boundaries when 
3 fy 
2r 
and the critical radius Rl of the grain when growth ceases may be 
described as :- 
(7) 
where A is the proportionality constant, f is the volume fraction of 
particles of diameter r and y is the boundary energy. This equation 
shows that fine particlis can withstand higher driving pressures for 
the same volume fraction than coarser particles; thus a greater 
volume fraction of coarser particles is required to give an equivalent 
degree of stabilisation as obtained with fine dispersoids. 
Aluminium has insufficient solute solubility to enable these 
large volume fractions to be produced by precipitation but may be 
obtained by binary and pseudo-binary eutectic alloys in which the 
intermetallic phase solidifies into a rod-like morphology. These 
rods are broken down by working to give particles in the size range 
required, with a very fine grain size after annealing. ' 
Al-Ca and Al-Ca-Zn alloys (114) give good superplastic behaviour 
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for this type of material. 
3.3 DUAL PHASE ALLOYS 
Classical examples of these alloys are the Al - Cu eutectic and 
the Al - Zn eutectic or eutectoid alloys. The lamellar eutectic 
structure can be thermomechanically worked to give near equal volume 
fraction of the aluminium and the intermetallic phase, the latter 
stabilising the structure due to the low migration velocity of the 
aluminium intermetallic boundaries. 
Although the Al - 33% Cu alloy can have very attractive super- 
plastic properties (m - 0.7, elongations approaching 2000 %), it unfor- 
tunately has unattractive mechanical properties at room temperature. 
3.4 FINE PARTICLE STABILISED ALLOYS 
There are basically two approaches to grain refinement in super- 
plastic aluminium alloys relevant to the aerospace industry; these 
are : 
(a) The application of thermomechanical processing to suitable 
'off the shelf' alloys (7075 and 7475) to render them 
superplastic. 
The thermomechanical treatment involves solution-treating, 
overaging, rolling and recrystallisation. 01 
(b) The addition of Zr (- 0.3 to 0.5%) in a way which produces a 
fine dispersion of ZrAl3 particles, which inhibits recrystall- 
isation and restricts grain boundary migration (by boundary 
pinning) during superplastic forming at elevated temperaturese 
Much work is published on alloys in the first category and examples 
can be found in references 10 and 11. 
The second method is relevant as it is the production method used 
for the alloy under investigation : the Supral 150 (Al - 6Cu - 0.5Zr) 
and will be discussed in detail here. 
3.5 ALLOY DESIGN FOR FINE PARTICLE STABILISED MATERIALS 
A high driving force for recrystallisation, easy nucleation Of 
recrystallised grains and grain boundary pinning are the necessary 
prerequisites needed to minimise the grain size in an alloy which re- 
crystallises by a nucleation and growth process. 
To maximise the stored energy produced during dynamic recovery, 
processes such as sub-grain formation need to he hindered, usually by 
the use of solute elements, (Mg, Cu), which interact with dislocations, 
reducing their mobility and hence their ability to rearrange them- 
selves into low energy configurations. The development of a cellular 
substructure under different conditions is shown schematically in 
Figure 20. 
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Limited dynamic recovery is important in materials where the 
production of a fine grain size occurs by dynamic recrystallisation 
during the forming process. From the stored energy point of view it 
is preferable to have a hi, -,, h solute containing alloy. 
Humphreys (116) shows that one way of achieving easy nucleation 
for recrystallisation is to have a high concentration of non-deforming 
particles, with diameters greater than 2 pm, in the matrix. Unfor- 
tunately, as yet the role of particles as recrystallisation nuclei is 
not understood, being influenced by many factors including particle 
shape and distribution. 
It is also necessary to have some form of grain boundary pinning 
to restrict grain growth at the superplastic forming temperatures. 
Equation 6 describes the driving pressure for grain boundary 
migration, P, which produces inpinning and shows that fine particles 
can stand higher driving pressures for the same volume fraction than 
coarser particles. It also shows that particle coarsening, which 
may occur at superplastic forming temperatures, results in a lower 
driving force for unpinning. 
The above concepts have been used to deve'lop superplastic alloys 
in the Al - Zn, Al - Mg, Al - Mg - Si (AA 6061), Al - Mg - Zn - Cu 
(AA 7075) and the Al - Cu systems. 
Unfortunately, several factors may produce grain growth in super- 
plastic alloys. 
(a) Abnormal grain growth (secondary recrystallisation) can 
produce large grain sizes (118). 
(b) Strain enhanced grain growth occurs during superplastic, form7 
ing, which is dependent on the strain-rate (117). 
(c) Inhomogeneous distribution of the alloying addition. 
3.6 SUPERPLASTICITY IN AZ - Cu - Zr ALLOYS 
3.6.1 Introduction 
It is evident from the previous section that to achieve super- 
plasticity, an ultra-fine grained material which is not susceptible to 
grain coarsening under optimum superplastic deformation conditions 
has to exist. 
There are several eutectic alloys (Al - Cu, Al - Mg, Pb - Sn) in 
which a fine stable grain size can be obtained by rapidly chilling 
from the melt and then warm-working the alloys to give a matrix in 
which. grain growth is limited by a high volume of second phase 
particles (95) 
Ahlborn et'al (119) have shown that the Al - 5Cu recrystallises 
to a fine grain size, yet this structure is unstable at the super- 
plastic temperatures of 400 - 5500C. because a large proportion of the 
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Cu returns to solution and is not available in precipitate form for 
grain growth restricti I lon. Therefore, a third component is required 
which not only will be retained in the form of second phase particles 
but also can be uniformly precipitated to inhibit grain coarsening 
via the 'Zener drag' mechanism (115). 
Zirconium is a possible element which can be added to achieve 
this end. It can be precipitated in a suitable form (120), but as 
it has a low solubility in aluminium and because the binary Al - Zr 
system is a peritectic, it is necessary to chill the melt rapidly to 
achieve a high supersaturation of Zr. 
Zirconium is also used as a grain refiner in'aluminium castings 
and it can markedly inhibit recrystallisation (120). 
3.6.2 Micros tructura I Aspects of SuperpZasticity in At - 6C-U - 0-5Zr 
This section will summarise the microstructural changes which 
occur during the production of this alloy, from casting, rolling and 
superplastically forming. 
The alloy is prepared from super purity aluminium, high purity 
copper with the Zirconium being added in the form of a commercial 
purity Al - 6Zr master alloy (121). Recently, in-line hydrogen de- 
gassing procedures have also been adopted at the melting stage (19). 
As an important feature for this alloy is to ensure an even dis- 
tribution of zirconium, it is necessary to dissolve all the Zr in the 
melt and to retain it in solution until solidification of the alloy. 
otherwise coarse particles of ZrAl 3 are produced which make no 
contribution to superplastic properties and reduce the amount of 
supersaturated Zr in the solid solution. The melt thus has to be 
held at temperatures above 8000C and D. C. cast so that a high 
proportion of the Zr is converted to a dispersion of fine ZrAl 
precipitates. As the solution and precipitation behaviour of 
ir is 
influenced by impurities, special care is taken to control the iron 
and silicon content of the alloy. In the as-cast state, the ternary 
alloy is characterised by dendritic branching near the edges, whereas 
closer to the central region of the cast block, the structure consists 
of aluminium cells of around 30 Um diameter, surrounded by a eutectic 
of Al/CuAl * In addition, some coarse tetragonal ZrAl3 particles are 
observed (12l). 
The cast material is then given a preheat at 3700C and rolled 
from around 4500C (1210 122). Hot rolling of the material at - 3600C breaks the eutectic regions and at higher reductions a homogeneous 
distribution of WidmanstHtten (CuA12) results. 
On a sub-optical scale, the structure is characterised by the 
presence of small spherical particles of the metastable 
ZrAl 3 around 4.5nm in diameter which, as can be seen from equations 6 and 
7, would be expected to be very effective pinners for grain boundaries 
even though the volume fraction of ZrAl3 particles is low (153). 
In summary, during rolling, the material develops a banded 
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st I ructure such that fine Zr-rich regions occur at the central regions 
of cells, being characterised by a uniform distribution of disioca- 
tions, whereas, towards the cell or dendritic boundaries (regions of 
high Cu and low Zr), the alloy polygonises to give a fine sub-grain 
size. 
On statically annealing this material at 4600C, the banded 
structure is still evident although in the peripheral regions of each 
cell (high Cu content) a fine grained recrystallised structure is 
produced, whereas the central regions (high Zr content) transformed 
from a dislocated state to polygonised cells (122). 
It is evident from the extensive work performed on this alloy 
(66,67,114,121,122) that dependent on the fabrication route, the 
matrix can contain at least four distinct types of precipitates. 
These are :- 
(1) Coarse (>. 1 pm), 0 particles (CuAl2); 
(2) Finer 0' (CuAl 2); 
(3) Fine (between 4- 10 nm) cubic ZrAl 3 precipitates , 
and (4) coarse tetragonal ZrAl 
Phases (2) and (3) are metastable, but cubic ZrAl 3 particularlys 
can remain unchanged to quite high temperatures. 
It is obvious from equation 6 (Section 3.1), that cubic ZrA13 
precipitates are 'fine' enough to be effective pinners for grain 
boundaries, even though their volume fraction is quite low in the 
alloy (< 0.005). 
The presence of copper in the alloy seems to serve a variety of 
purposes :- 
(1) In the melt, Cu leads to greater undercooling and thus 
restricts cell growth during solidification which renders 
more effective nuclei which is important in the production 
of a fine grained structure (123). 
(2) It has also been claimed that CuAl 2 precipitates are tespon- 
sible for both static and dynamic recrystallisation (122) 
and the role of copper in providing a more uniform distribu- 
tion of Zr in castings, hence preventing grain growth. 
The role of copper in lowering the stacking fault energy 
sufficiently to inhibit recovery and encourage dynamic 
recrystallisation (114) during the early stages of the super- 
plastic forming process is well documented. Generallyp after 
the first 50% deformation a uniform equiaxed structure is 
evolved, and remains so, even after extensive deformation 
(122). 
It is clear that the detailed processes occurring during re- 
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crystallisation are not completely understood, but the precipitation 
of intermetallics assists recrystallisation and the fine metastable 
ZrAl3 provides a fine grain structure by grain boundary pinning. 
The disadvantages of using Zr are the high casting temperature 
and the rapid solidification rates needed to retain it in solid 
solution. Coarse ZrAl3 particles and 0 CuAl precipitates have been 
the cause of cavitation during superplastic 
iorming 
and the next 
chapter will discuss this aspect more fully. 
After superplastic forming, this age-hardening material is heat- 
treated to give it maximum strength. 
Heat treatment involves :- 
(1) Solution-treatment at a relatively high temperature (5300C, 
1 hour for 2004) to dissolve the alloying elements (Cu), 
Figure 21). 
(2) Quenching to room temperature to obtain a supersaturated 
solid solution (SSSS) of these elements in aluminiume 
(3) Ageing (for example at 1850C, 5 hours for 2004) the material 
for a controlled decomposition of the SSSS to form a fine 
dispersion of precipitates. This is characterised by the 
formation of Guinier-Preston (GP) zones e, 61 and 0" which 
are ordered solute-rich clusters of atoms which may only be 
several atom planes in thickness. 
These act as obstacles to dislocation motion providing the 
hardening mechanism for the alloy. This is discussed more fully by 
Polmear (153) in his book on Aluminium Alloys. 
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ClYAPTER 4- CAVITATION AND SUPERPLASTICITY 
4.1 INTRODUCTION 
Most known superplastic materials develop voids when deformed. 
This cavitation is viewed with trepidation by users of formed compon- 
ents as it can lead to degradation of service properties such as 
tensile, creep, fatigue and stress-corros-ion cracking. 
The occurrence of cav'itati . on has been studied in a wide range of 
superplastic materials (23 - 29). Cavities are seen in eutectics, 
eutectoids, in solid-solution and in precipitate-containing alloys. 
In many cases, failure is dominated by the interlinkage of cavities 
and tensile test specimens show little necking and abrupt (quasi- 
brittle) fracture. 
Most superplastics are multi-phase alloys and cavities are 
frequently located at inter-phase boundaries. 
For example, in brasses, they occur preferentially at a/ý 
boundaries and in stainless steel at a/y interfaces (24). 
As in conventional materials, inclusions are favourable sites 
for cavities, such as carbides and carbo-nitrides in steels (24) and 
primary intermetallics in Al - Zn - Mg - Zr alloys (124). 
Livesey and Ridley (113) added elements to the PbSn eutectic to 
form hard phases (Cu6Sn5), and the material which shows little 
cavitation in the eutectic form showed extensive cavitation in the 
ternary alloy, the cavities being associated largely with the hard 
phases. An increase in the level of cavitation., was seen with increas- 
ing volume fraction size and hardness of the intermetallic. 
In dilute Al - Cu alloys (and the A1/Cu eutectic) voids form 
between a- Al and the e phase during superplastic deformation as 
indicated by Sohal (125). 
Although a finer grain size allows greater deformation by grain 
boundary sliding (CBS) and thus more potential for cavitation, the 
lower flow stress for a given strain rate tends to limit the extent 
of cavitation. Generally, decreasing the grain size reduces the level 
of cavitation (34). 
The influence of strain-rate is less well defined. For instance, 
at a given strain, the cavity formation can increase (126), decrease 
(12 
' 
7) or go through a maximum (34) with change in strain-rate. It is 
apparent that the influence of strain-rate on cavitation is dependent 
on the material and the deformation conditions. Generally, the work 
published indicates that there are many factors which affect the level 
of cavitation in materials such as composition, deformation conditions 
and microstructure. 
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4.2 MECHANISMS OF CAVITY FORMATION 
As the nature of cavitation in any system is unique, it is very 
difficult to form a complete theory which encompasses the behaviour 
of cavitating materials. 
There are a wealth of publications (23 - 29,34,69,73) on the 
mechanisms of cavity nucleation, growth and their role in failure. 
The following is a brief summary of the relevant points. 
4.2.1 Nucteation of Cavities 
The contribution of the deformation process in the development 
of cavitation is well established and Zenerally, the number of cavities 
increases with imposed strain; however, the extent to which super- 
plastic deformation induces cavitation is less clear. 
To nucleate a void under conditions where diffusion is rapid, it 
is necessary to accumulate sufficient vacancies to form a cluster of 
critical size. Raj and Ashby (74) applied classical nucleation 
theory to the formation of voids at hetrogeneities such as grain 
boundaries, triple points and particles located at grain boundaries. 
For particles, two types of 
trated in Figure 22a the steady 
written as :- 
47ry Db6b 
an 11 2-1-7-3 
cavity were considered, as illus- 
state nucleation rate, I, may be 
N exp (- 
a2 KT n 
(8) 
where an is the tensile stress normal to the interface on which the 
void is nucleating, N is themaximum density of nucleation sites and 
F is a geometric form factor. - 
N is related to the fraction of particles and F to the void 
dimensions, i. e. to its radius and volume which are extremely difficult 
to obtain accurately. This can lead to immense uncertainties in I 
the nucleation ratep as F exists in the most sensitive exponential 
part of the above equation. 
Therefore, generally it is not feasible to evaluate nucleation 
rates in this manner. 
An alternative approach, presented by Harris (75) is sometimes 
used. Grain-boundary sliding gives rise to stress-concentrations at 
particles intersected by grain boundaries, these can be relieved by 
grain boundary diffusion leading to conditions of no nucleation due 
to the relaxation of these stress concentrations. Following the 
work in this area of Harris (75) and Raj and Ashby (74), a lower 
bound strain-rate, (6 c) 
below which no nucleation occurs can be defined 
by :- 
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t 11.5cQ 
D6 
adD 
2 kT 
where d is the grain diameter, D is particle diameter and a is fraction 
of total strain carried by grain-boundary sliding. 
Using the approximate flow law (68) : 
2 K6ra/d 
Equation 9 can be rewritten as :- 
6= _11.5KSI 
Db6b 
c ad 
3D2 kT 
As can be seen, an increase in t is predicted when T and m increasep 
or when a, grain size and particie size decrease. 
It must be emphasized that lack of accommodation at grain boundar- 
ies and particles is responsible for nucleation, not growth of 
cavities. Once a void is greater than a supercritical size, it will 
grow. 
Another problem is the detection of nucleating cavities during 
superplastic deformation, and to determine whether the cavities 
observed have grown from existing cavities or have been nucleated as 
a consequence of superplastic deformation. The diameter of a critical 
void nucleus is likely to lie in the range 0.12 -I pm (128) which 
cannot be detected by use of light microscopy. It is possible that 
cavities seen within the first stages of deformation may have grown 
from pre-existing voids, rather than being nucleated by the super- 
plastic deformation process (23,128). Further references to this 
subject can be obtained in an intensive review of the cavity nucleation 
models by Goods and Brown (73). 
4.2.2 Cavity Growth Mechanisms 
As Sohal (125) and others show, the analyses for cavity growth in 
superplastic materials are similar to those present for the high 
temperature growth of cavities residing on grain boundaries during 
creep cavitation. There are a host of publications on the mechanisms 
for growth in a variety of materials (29,300 39,779 1259 128), but 
basically, two different mechanisms of void growth are possible for a 
spherical cavity located on a grain boundary :- 
(a) Stress-assisted vacancy diffusion - usually via grain boundar- 
ies or 
(b) Plastic deformation of the matrix or by a combination of these 
processes. 
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The analysis of the first by Raj and Ashby (74) leads to the relation- 
ship :- 
dr nD B62 
- (a - dc 2kTe»r 9 (£n Z/r - 3/4) 
where r is cavity radius, c is the strain, ý the strain rate, Q atomic 
volume, DB grain boundary diffusion coefficient, 6 is the grain 
boundary width, a is the applied stress, y is surface energy of the 
cavity, k is Boltzmann's constant, T is absolute temperature and Z 
is cavity spacing. 
Another approach, which considers diffusion and deformation con- 
trolled void growth, has been put forward by Chen and Argon (131) who 
give an equation for the coupled volumetric growth rate of a void, 
represented in Figure 23, as :- 
dv 3. A3 r+L r )2 2) 1 r E: 2-K Zn (-r 4 r+A 4 
(r+A) (r 
where v is cavity 
' 
volume, 6 is the far field strain-rate and A is the 
diffusion distance parameter, given by :- 
(D 
B6B na/kV) 
1/3 
In this analysis, matter transport close to the void (region I, 
Figure 23), is by grain bopndary diffusion and the grains are 
separated by diffusing atoms, whereas in region II displacements 
normal to the boundary are accommodated by plastic deformation of the 
matrix. 
When the normalised radius (a/A) is much less than unity, cavity 
growth is vacancy diffusion controlled and region I in Figure 23 
extends to the outer radius, C. 
When (a/A) is greater than unity, diffusive transport is slight 0 
and restricted to regions close to the void and grain plasticity 
controls void growth. In this case equation 13 predicts 
dv 9. 
Et -9 vc (15) 
This is very similar to the relationship for cavity growth by matrix 
deformation as suggested by Hancock (130): 
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dr 
r 
3y 
dc a 
(16) 
These analyses have ignored the effects of capillarity on inhibiting 
void growth. A cavity with a radius greater than r* - 2Y/a will 
grow-, if r<r* then capillarity drives the cavity to shrink. 
Martinez and Nix (132) have modified the theory of Chen and Argon 
(131) to account for this effect. 
Many publications (6,31,32,34) have shown that the volume 
fraction of cavitation in superplastic alloys increases with strain. 
Stowell (69) has developed a model which attempts to fit these 
observations. The model assumes 
(i) All voids exist at zero strain, thus not allowing any con- 
tribution from nucleation events; 
(ii) All voids are of the same initial size and non-interacting. 
(iii) Void growth is plastically controlled and described by the 
equation :- 
dv 
. TIV (17) ac 
The analysis suggests that the extent of cavitation (ý) has an 
exponential dependence on strain, given by :- 
ý- exp (ne) 
where ý is the cavitation at zero strain. 
Stowell (23) has listed the values of n and 0 reported in the 
literature for different materials and concludes that it is dependent 
on the alloy, strain-rate, temperature and grain size. 
From the literature, it is apparent that plastic deformation of 
the material surrounding a cavity contributes to, and dominates, its 
growth. 
The effects of grain boundary sliding, diffusion and dislocation 
creep on the extent of cavitation in any system need to be evaluated 
further. 
4.3 CAVITATION IN THE SUPRAL ALLOY SERIES 
This section briefly describes the various parameters which can 
influence the cavitation in Supral alloys. 
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As in all fine-particle stabilised alloys such as Supral, the 
presence of hard intermetallic precipitates gives rise to cavitation 
(125), 
During deformation, cavitation can be detected through densito- 
metry or metallography at strains between 0.4 - 0.5 and increases 
linearly with strain (32). 
The microstructural features considered to have influence on 
cavitation in Supral are grain size, grain size distribution, grain 
shape, particle size and distribution. 
Cavity nucleation occurs at (0) CuAl 2 particles as a result of decohesion from the Al matrix. As at the superplastic deformation 
temperature, the 6 particles are much harder than the Al matrix 
(125). 
The cavities are found to be intergranular, non-uniform in size 
and distribution (32). Similar effects have been observed in the 
7000 series alloys and have been attributed to, amongst other factorsi 
high intermetallic contents and hydrogen outgassing (34). 
There is little published work on the effects that parameters 
such as grain size, precipitate distributions (ZrAl and CuAl2) and 
hydrogen have on cavitation in the Supral alloys. 
ih; 
se will be dis- 
cussed later. 
4.3.1 E cts of Cavitation on MechanicaZ Properties 
The effects of superplastic strain and hence cavitation on the 
0.2% proof stress (PS) and tensile strength (TS) of the Supral alloys 
in the as-formed condition is given in Figure 24 (32). These are 
seen to decrease with increase in strain above 0.7, when the void 
volume is also seen to increase rapidly with strain. These findings 
are in agreement with those observed in other aluminium alloys (30, 
31,34). 
Heat treatment of the Supral alloys (the conditions of which are 
different for each and will be discussed later), reduces the level of 
cavitation, due probably to the sintering-up of the smaller cavities. 
Figure 25 illustrates the influence that deformation and heat- 
treatment has on the micro-cavitation volume fraction (19). Recent 
work (32) has shown that the fatigue strength decreases with increased 
strain (above 100%) and fatigue crack growth rates are adversely 
affected by strain for the Supral series of alloys. 
It is apparent that the cavitation present at strain levels 
greater than 100% (0.7 true stra2. n) lead to a reduction in mechanical 
properties. 
The average strain in most superplastically formed components is low relative to the elongation to fai-lure, and thus cavitation damage is also low. However, certain parts of the components can undergo 
much higher strains and, as a consequence, cavitation damage can be 
severe. 
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Cavitation can either'be supressed by the use of back-pressure 
during superplastic forming (35,36), or eliminated by a post-forming 
Hot Isostatic Pressure (37,38,39) process. 
Work on 7475 (35) and Supral 220 (36) has shown that the super- 
imposition of confining pressures of approximately half the flow 
stress reduces both the volume fraction and size of the voids in the 
material, although there is no indication that the nucleation of the 
voids is inhibited by the HIP process. One problem of using this 
approach is the commercial cost of replacing or adapting existing 
superplastic forming equipment so it can be used at pressure; this 
may be difficult as most presses were not designed with the use of 
pressure in mind. 
Alternatively, post-forming Hot Isostatic Pressure can be used 
to reduce cavitation. There are commercial sub-contractors who 
will HIP materials, yet the pressures used can be as high as 200 MPa 
and it would be expensive to utilise this route for superplastically 
formed components. 
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CHAPTER 5- HOT ISOSTATIC PRESSING 
5.1 INTRODUCTION 
Generally, when compressive stresses are applied during fabrica- 
tion of materials (by forging, rolling, extrusion), their soundness 
and mechanical properties are improved. However, these processes tend 
to apply compressive stresses in one or two dimensions, allowing 
material movement in the third. 
Compaction using closed dies may produce 
stress in all directions but a major drawback 
tion on component shape. 
Frictional forces can also be a problem ai 
of the overall stress distribution. Sticking 
can also arise with dies which generally tend 
tolerances. 
equal magnitudes of 
is the severe restric- 
nd can prevent equality 
and removal problems 
to wear and reduce 
In contrast, Hot Isostatic Pressing (HIP) can be applied to components of any shape. There is no tool or die wear and because the 
pressure is. transmitted through a fluid medium, the stresses are 
uniform with the same pressure on all surfaces. 
For compression at relatively low temperature (up to 35000P the 
pressurising medium can be liquid although its use is limited to 
relatively low melting point materials. For wider applications, 
higher temperatures are necessary and for this the use of an inert 
gas for pressurisation is essential. 
Modern equipment can reach temperatures up to 20000C with 
operating pressures up to 200 MPa. 
HIP. can improve properties of materials (such as strength, tough- 
ness, fatigue resistance etc. ) as discussed in Chapter 1. 
5.2 PRINCIPLES OF HOT ISOSTATIC PRESSING 
Commercial HIP equipment relies on argon gas as the pressurising 
medium as it is inert, and does not combine or react with other 
materials because of its inability to form significant chemical bonds. 
The solubility of gases such as nitrogen, oxygen and hydrogen 
varies with the square root of the pressure. These gases dissolve in 
solids as atoms but exist in gaseous form as diatomic molecules. 
With argon there is a linear relationship between pressure and solub- 
ility, 'the molecules are single atoms and its solubility at even the 
highest attainable pressure is difficult to detecto as argon atoms 
do not enter the solid. 
This lack of reactivity is not reflected in the impurities that 
are present in the argon gas. It is estimated that under pressures 
of up to 200 NFa, even 0.067% of oxygen can give an oxidation rate 
equivalent to that of heating the material in one atmosphere of 
- 34 - 
oxygen. This illustrates the extreme care needed in gas purification 
and handlingo as well as in gas recovery becauseý argon is too 
inval- 
uable to use in just one pressure cycle. 
At the higher pressures (- 150 MPa),, the density of the gas can 
vary with temperature, so that at 14000C, the gas density near'the 
vessel walls can be up to three times that in the hot zone (134). This 
implies the existence of massive driving forces for convection, the 
effects of which can be minimised by careful design of internal 
heaters, convection barriers, radiation shields and insultating 
inserts. 
5.3 DEVELOPMENT OF PRESSURE SINTERING THEORY 
The first atempt at a real theory was by Murray et al (141), 
who adopted a phenomenological approach, assuming materials to 
behave as either a linear viscous or a Bingham solid. 
In more recent yearst the phenomenological theories have fallen 
from favour, to be replaced by physical theories based on micro- 
mechanisms of deformation; diffusion in particular. These theories 
bring pressure sintering into the framework of solid state physics 
and the theory of deformation by the movement of point defects 
(vacancies and interstitial atoms) and line defects (dislocations). 
There have been many appraisals of the mechanisms of densifica- 
tion (38,39,42,44,52,133,134,135,136,137) and the following 
sections will give a brief review of these. 
5.3.1 Pressure Sinterina Diaar=s- 
The most recent appraisals have led to the construction of 
diagrams (136,137) for the pressure sintering of powders, showing the 
regions in which each densifying mechanism may in turn predominate 
for a range of values of density and pressure, PH or temperatures T, 
where the latter parameters are made dimensionless by plotting ratios 
of (PHICýy ) and (T/Tm) respectively, where ay is the instantaneous 
flow stress and Tm the absolute melting temperature. 
Such a diagram is depicted in Figure 26, which shows that poros- 
ity closure for less dense material under a high pressure occurs by 
yielding of the material, which is believed to involve dislocation 
glide, as will be discussed later. 
The material then enters the region where hole closure relies on 
the process of power-law creep, where the flow rate is dependent on 
some exponent of the applied pressure, which is variable and dependent 
on the material and on the conditions. 
Finally,, as higher densities are approach - ed, atom movement to 
fill in the holes may take place simply by atomic diffusion which 
interchanges the places between atoms and vacancies. This mechanism 
also occurs in pressureless sintering where its rate is dependent on 
2(s/r), (where r is the pore radius and g the surface energy)q yet with 
HtP, the much accelerated rate is given by : 
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2(-slr) +PH ('19) 
in which. P R 
is a strongly dependent term. 
The mechanism of pore closure by atomic diffusion has several 
striking features. One concerns the role of grain boundaries which 
absorb vacancies and conduct them to free surfaces. Thus holes 
situated on grain boundaries would be expected to shrink more rapidly 
than those within the grains (138), as in Figure 27. 
Holes also have been seen to provide a pinning effect on 
boundaries as when some holes are eliminated the grain boundary is 
able to move, although if it'sweeps too rapidly it may leave holes 
within the larger grains (139). 
The second important feature of pore closure by atomic diffusion 
is that this mechanism of atom transport does not carry with it any 
particles; the diffusing atoms move around them and fill in the 
porosity with the matrix material as shown in Figure 28 (140). The 
following sections will review the mechanisms involved in pressure- 
less and pressure sintering. 
5.3.2 Mechanisms for Pressure Sintering 
Table 4 shows the mechanisms which contribute to the sintering 
of a powder compact. 
If an external pressure is applied, new mechanisms appear whilst 
some existing ones are enhanced. 
For powder compacts, the pressure may cause particle fragmenta- 
tion and rearrangement, it may induce plasticity (including plastic 
creep) in the particles and may also augment the effects of surface 
energy as a driving force for diffusion. Some mechanisms transport 
matter from within the particles to the porosity, whilst others 
merely transport from one part of the surface to another. 
Ashby et al (1359 136,137) predict the total sintering rate 
for a compact and the dominant mechanism during the process by 
formulating a'set of neck growth and densification rate equations 
which give, as a function of known variables and physical constantso 
the contribution of each mechanism to total sintering. 
The models developed here are restricted to powder compacts of 
pure, single-component materials, and do not take account of effects 
that occur in multi-component systems. For instance, different 
species diffuse at different rates and second phase particles caiý 
affect dislocation motion and lower grain boundary efficiency to act 
as sources and sinks for vacancies C137). 
5.3.3 ModeZs for Pressure Sintering 
The existing models for pressure sintering take into considera- 
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tion plastic yielding, viscous flow, power law creep and diffusional 
processes (136,137). 
Ashby et al (135,137) and Swinkels et al (136) distingui-sh two 
stages, according to the geometry of the pores. 
During the initial st 
' 
age, the compact Is idealised as an aggreg- 
ate of individual part'cl i es with small, sharply curved contacts 
between them. In the final stage, the pores are idealised as an 
array of isolated spherical holes. 
Some authors (137) introduce a further intermediate stage, 
idealising the pores as a connected network of cylindrical holes, 
but this approach is seldom used. Figures 29 and 30 show the mech- 
anisms which contribute during the various stages of densification. 
A'more complete discussion of these mechanisms is given in references 
135,137 and 142. The models described below refer to these stages. 
5.3.4 PZastic YieZdin-a 
If an external applied pressure Pe is large enough, the flow 
strength of the material is exceeded locally where the particles 
touch (136,142). For the initial stage (relative density 
p/p < 0.9), the models are based on the slip-line field solution for 
a fiat punch indenting an infinite plastic half space. The neck grows 
until the local indentation pressure P, is 
P1 -2: 3 cly (20) 
where a is the flow stress of the material. The relative density 
(ý) /P ) 9f the compact can be related to the relative initial density 
(Pi/Poo ) and the neck radius x by (136) :- 
Pi 
1+ 1(2i) 21 (2pý 2a 
0 
where a is the particle radius. 
The density as a function of external pressure Pe is given by 
(136) :- 
P. peAf P-) + 
PO PO 27rn faa2 
(22) 
where A is the surface area of a cell containing one particle 
(- 47ra2f and nf is the number of contacts (co-ordination number) of 
a particle. Final stage densification is modelled as the plastic 
collapse of a thick spherical shell with the pore at its centre as 
shown in Figure 31. 
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Yielding is said to occur if 
2 
P Zn(l 
y PO 
Here P is the driving pressure for densification during this stage, 
given 
gy 
:- 
Pe-P1+2s 
where P3. is the internal gas pressure in the pore, z is the pore 
radius and ys is the surface energy. 
The intermediate stage is modelled by replacing the spherical 
shell by a cylindrical one, constrained by the compact along the 
axis of the porosity (137). Yielding then occurs until 
>-a jtn 
(I - A-) (. 25) 2 r3 PO 
where P2=pe+ Ys/z. 
As porosity is open during this stage P 3. - 
In addition to these equations, certain empirical relationships 
have been proposed. Heckel (143) likens compaction to a first order 
chemical reaction. 
d(p/po)_ 
- K(l -A d(P 6/cy) 0 
(23) 
(24) 
(26) 
v 
which on integration, gives 
P/po) 
p 
p- +K 
cy 
(27) 
where K, and K2 are dimensionless constants. Note that if K, is set 
to 3/2 equations 27 and 24 are almost identical. Moreoverp at low 
p/po, it reduces to an equation similar to equation 21. Thus it 
approximates both the initial and final stage models. It has been 
found to fit the compaction data of iron, copper, nickel and tungsten 
powder well over a wide range of pressures and densities. 
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5.3.5 Viscous Flow 
The earliest theories of pressure sintering were based on 
Newtonian-viscous flow, 'as in a liquid. The model works- well for 
materials such as Silica but not for metals or ceramics. 
The relationship between the viscosity, n, the applied pressure 
Pe and time t with density is given by 
Ln 
(P/po)) 3P 
et (28) (pi/p, )-) 4n 
0 
5.3.6 Power-Law Creep 
Earlier work on hot-pressing of metal powders found a power law 
relationship between densification rate and applied pressure Pe Of 
the form : 
ýp 
pe 
with n>1. 
(29) 
The most complete treatment is that of Wilkinson (137) who 
developed models for each stage of pressure sintering using a con- 
stitutive law for power-law creep of the form :- 
n Aa (30) 
where ý is the radial strain rate and A is a temperature dependent 
constant. Final stage denpification is modelled by using the creep 
of a thick walled spherical shell centred on a pore (Figure 31). 
The outer radius 
ýf the shell, b, is defined, such that matter 
is conserved : 
p. .1_ (z) pb 
The densification rate is given by (136) 
0. 
p 0 
p0 -P 
1p ') 
1/n 
PO 
I 
'3 
ýp (ý -n 3 
(31) 
(32) 
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Densification during the*intermediate stage is achieved by replacing 
the spherical shell by a cylindrical one (137) giving 
V3 A2- (1 - 
") 
-) PO Oo V3 
p)n (33) 
loo ý_) 1/n nn2 
PO 
I 
For the initial stage, Wilkinson (137) developed a model by drawing 
on theories for hot hardness tests leading to :- 
3p2nfAfx3An 
Ap) (34) 
P0 PO 
a3 Trx 
2e 
where nf if the coordination number of the particle and A is the 
surface area of a 'cell' containing one particle (137). 
1 fuller 
account of all these models can be found in references 135,136,1379 
142. 
5.3.7 Diffusion Mechanisms 
Matter may be transported from the contact zones to the surface 
of a sintering neck by both grain boundary and lattice diffusion. 
During the initial stage, the volume of the material deposited 
on the surface of the sintering necks of one particle per second by 
boundary diffusion is given by (137) : 
(6D 
b+ aD V) 47r 
kT ,Qnfp1 (35) 
where Db is the boundary diffusion coefficient times its thicknesso 
DV is the lattice diffusion coefficient, 0 is the volume of the 
diffusing atom, k is Boltzmann's constant. - 
The densification rate for this mechanism during the initial 
stage is given by (137) 
6 12p 2 (&Db + rDv) 
11 nP (36) 'To) 
pa3g (D) 
kT f1 
0 
where g(D) is a purely geometric term. During the final stage, 
matter is transported along the grain boundaries onto the surfaces 
of spherical grain-boundary voids. The solution for this case is 
(137) 
54ND b 
11 P), 
/3 IP 
3 (37) 3 2/3 2/31 1 -3 0 kTa 3(1-p) P) - ll+(l-p)" kn( p) 
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All the mechanisms described above represent the current under- 
standing for densification during hot isostatic pressing of powders. 
But, the rates can be influenced by factors which have been ignored 
in deriving the rate equations. The most important being grain growth, 
especially in view of the long cycle times wýich exist during HIP. 
Grain growth may remove tgrain boundaries (which. act as sources and-sinks for vacancies) from the necks between powder particles. 
This would have no effect on plasticity or power-low creep, but 
would suppress diffusional densification (142). As yet, an adequate 
model to account for this phenomena is not available. 
5.4 EFFECT OF HIP ON CREEP CAVITATION 
Apart from the theories concerning the compaction of powders 
during HIP, several workers (6,38,39,52) have investigated the 
effect of hydrostatic pressure on the sintering behaviour of casting 
porosity and creep cavitation and discussed it in terms of vacancy 
diffusion in the stress fields of the hydrostatic pressure and pore 
surface tension. 
The sintering of enclosed cavities has been studied by Brett 
and Seigle (140), who noted th ' 
at cavities resulting from dezincific- 
ation in brass closed during annealing only if on or near grain 
boundaries. However, intragranular cavities in aluminium, introduced 
by quenching, have been seen to anneal out at a rate consistent with 
volume diffusion (144). 
Beere and Greenwood'(39) examined the contribution of hydrostatic 
pressure (up to 30 MPa) to sintering of creep cavities in magnesium 
and copper. They found the decrease in sintering rate with time and 
the'increase in rate with higher pressures were consistent with a 
model of cavity closure by grain boundary self diffusion. 
Similar results were reported by Stevens and Fiewitt (38) on 
the sintering of creep cavities in a Ni - 2% Cr alloy. 
1 1. 
5.4.1 Theories of Sintering of Grain Boundary Cavities 
The cavitation in a polycrystalline material subject to creep 
deformation consists of discrete voids having a range of sizes dis- 
tributed along the grain boundaries. 
The diffusional growth of such cavities under the action of an 
external force has been described by Hull and Rimmer (129). Various 
workers have used this to examine the reverse effect. Greenwood 
(145) has discussed the validity of this relationship when applied 
to cavity shrinkage. 
Ashby (135) has applied this model to the sintering of a 
spherical cavity of radius r sited on a grain boundary. 
Each cavity is surrounded by a concentric sink situated midway 
between cavities to which vacancies diffuse. The rate at which such 
a cavity sinters is given by : 
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dr D b. 
6YSI 
dt 3ýT- (38) 2r kT Zn 
r 
where Db is the grain boundary diffusion coefficient, 6 is grain 
boundary width and 'x is the intercavity spacing. 
If the cavity contains gas at a pressure P, and is subject to 
an external hydrostatic pressure P el then 
following Hull and Rimmer 
(129). the difference in the vacancy concentration between the 
cavity Cc and the grain boundary sink Cb is :- 
cC exp 
ýy p+p 
cbe 
Ir 
I el kT 
(39) 
where Ce is the equilibrium vacancy concentration. Thus equation 
38 becomes :- 
dr Dbny 
dt 
PI + Pel 
11 
(40) 
2r 
r 
4r kT kn(ý) 
Beere and Greenwood (39) suggest creep cavities in copper con- 
tain -as pressures up to 10 MPa. The gas pressure develops during 
creep by diffusion of external gas along grain boundaries and bulk 
diffusion of interstitial gas atoms. The problem of analysing the con- 
tribution of the gas within a pore is complicated. Essentially, 
it reduces to the need to consider gas diffusion throughout the 
sintering process which is regulated by the diffusion of vacancies 
along the grain boundary. The gas may not also necessarily behave 
as 'ideal' when the cavity becomes smaller. 
For the presentp the extreme case of continuously increasing 
internal pressure, as the cavity shrinks, is taken to account for 
the behaviour of gas in a pore under isostatic pressure (38). 
If the initial cavity radius is rig and the initial pressure 
Pi, then 
r 
PI - Pi(rL) 
Thus equation 40 becomes :- 
r. 3, dr A )3 1 (42) Ly. -p+p Tt- -2 
1r 
i(T el 
1 
3' r in (2rE) -4 
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where Ab 2kT 
To evaluate the change of cavity size with sintering time, integra- 
tion of equation 42 gives :- 
rj 2x 12Y r3 tjdt rp tn(M dr (43) 
r+p r) el 
14 
0 r. 
Equation 43 can be evaluated numerically by using Simpsons Rule. 
Plots using this analysis have been produced by Stevens and 
Flewitt (38) for Nickel-Chromium alloys (Figures 32 and 32a). These 
clearly show that increasing the hydrostatic pressure (with no gas 
present in the pores) results in a significant decrease in time for 
cavity closure (Figure 32). 
If the initial cavity contains an internal pressure of 
P 0.1 MPa,, then Figure 32-a shows the variation of r with time for 
tie'Orange of pressures used in Figure 32. Comparing the two shows 
the variation of r is of the same form except a critical size is 
reached where the internal gas pressure balances the hydrostatic 
pressure and the gas pressure as defined by equation 39. The analysis 
also shown that increasing the external pressure ensures greater 
removal of gas filled cavities. 
Finally, they suggest that extensively cavitated material 
requires significantly longer time for recovery than material con- 
taining a few small widely spaced cavities. 
It seems clear from the literature that no one unique mechanism 
is operating during HIP and that no single formula can cover all the 
stages. 
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CHAPTER 6- HYDROGEN IN ALUMINIUM 
The failure of metal parts because of an associated excess of 
contained hydrogen is usually associated with catastrophic failure. 
Whilst this may be true for structural steel failures arising from 
hydrogen embrittlement, in aluminium alloys excess hydrogen shows 
itself, for example, in the form of casting. porosity or as surface 
blistering in fabricated parts (58,59). The subject of hydrogen in 
metals is vast, thus much of this chapter will be concerned with the 
behaviour of hydrogen in aluminium, and its alloys. 
6.1 HYDROGEN IN METALS 
It is difficult to establish a theoretical framework with which 
to interpret information from manufacturing operations on the nature 
of hydrogen in metals. 
There are models (60) which represent hydrogen solutions in 
liquid metals reasonably well, and to a great degree depend on 
assuming that hydrogen is accommodated in solution, as non-interacting 
atoms, all occupying equivalent interstitial sites. 
The concept of true interstitial solution in solid metals pre- 
supposes a degree of perfection in structure difficult to achieve 
experimentally and certainly untypical of industrially produced 
metals where generally hydrogen is distributed hetrogeneously (60). 
In establishing a satisfactory theoretical framework by which 
to interpret information from manufacturing operations it is 
necessary to examine the nature of hydrogen occlusion in metals. 
The following analysis is applicable to metals which do not form 
hydrides. 
6.2 HYDROGEW SOLUTIONS 
Size factors determine that diatonic gas must dissociate on 
dissolution : 
H2 (gas). ', - 2H 
(solution) C44) 
The hydrogen in interýtitial, solution I'S', Assumed to exist as non- 
interacting atoms, all occupying equivalent sites. 
For dilute solutions, Henry's law applies and if ideal hehaviour 
is assumed for the gas, equilibrium is given by :- 
a. 2 
.N 
2pe 
(45) 
aH 2p 
where aH is the activity of the s-olute referred to the atomic 
fraction at infinite dilution as the standard state, aH 
2 
is the 
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activity of the gas referred to the pure gas at a pressure p and N 
is the atomic fraction of solute in equilibrium with a gas pressure 
p0 
Equation 46 yields (60) 'Sieverts Law' : 
(2ý)0.5 (47) 
p6L 
where NO is the atomic fraction of solute in equilibrium with 
standard pressure pO, assuming No lies within the range of composi- 
tion for which Henry's law applies. 
Variation of solute concentration at constant pressure with 
temperature is expressed by the van't Hoff isobar, substituting for 
K from equation 45 is given by : 
a AH 6 
- (tn K) P, m2 
LaT (£n N) TT P RT 2 
(48) 
and since, for a restricted temperature range,,, the standard enthalpy 
of solution can be considered constant, integration yields 
kn N=- 
AH 0 
, 2RT 
+ constant (49) 
A solute comprising non-interacting atoms in a single phase 
diffuses according to Fick's Law. 
Dc 
. DA 
ac 
5 -t ax 
(50) 
where under steady state conditions, the ount of matter flowing 
through a transverse cross-section of A(m in time, t, along a con- 
centration gradient, ac/ax, and where D, the diffusion coefficient is 
seen to vary with temperature, according to an Arrhenius-type 
relation 
DD 
AG (51) 
RT 
where AG is the activation energy for diffusion and D0 is a constant 
for the system. 
physical and Chemical Traps for Hydrogen 
It is suggested that absorbed hydrogen (60) must be partitioned 
in the metal between the gas being in solution and any hydrogen trap 
sites such as voids and cracks. 
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Several kinds of traps for both atomic and molecular hydrogen 
have been identified. There is evidence for atomic traps due to 
the association of interstitial solutes with lattice defects as the 
binding enthalpy between the solute atoms and defects is negative, due 
to relief of lattice strain. Albrecht et al (146) have provided 
evidence for hydrogen transport in aluminium by dislocation trans- 
port. The question as to whether grain boundaries act as atomic 
traps for hydrogen is still unresolved. 
Two kinds of molecular traps are known. The first comprises 
defects in which the gas accumulates until its pressure reaches the 
value required for equilibrium with solute hydrogen in the metal 
(60). The other is the result of spontaneous precipitation of 
hydrogen referred to as secondary porosity (147). 
In certain alloys, additional hydrogen may also be absorbed in 
the form of chemical traps(such as Zirconium hydride)when these 
alloys are permitted to absorb hydrogen. 
The concentration of dissolved hydrogen in metals is expressed 
in terms of CM3/100g of metal measured under standard temperature 
and pressure. Although it is important to realise that the total 
gas content is the sum of the quantities in true solution and in 
occluded forms. These can be represented as : 
'H (solution) H (trap sites) (52) 0.5H 2 
6.2.1 drot7en_in Atuminium and its Allous 
When aluminium is cast it retains virtually all of the dissolved 
hydrogen it contains (58,59,60) but because the solubility of 
hydrogen is less in the solid than in the liquid metal, some of the 
gas is rejected from solution and entrapped in the solid structure. 
The rejected gas can be nucleated both in the liquid during solidif- 
ication and in the solid immediately afterwards, generating two 
forms of porosity distinguished as primary porosity and secondary 
porosity (147). 
Both can have important effects on the cast metal and on the 
wrought products manufactured from it. 
6.2.2 Hydrogen Sources During MeZtinq and Casting 
Molten aluminium readily absorbs hydrogen when reacting with 
water or its vapour. 
2AI + 3H 20 -4* Al 203+ 3H 2 (53) 
It is suggested that sources of hydrogen for absorption in 
melts are hydrated corrosion products, water and oil on the surfaces 
of virgin metal stored under unsatisfactory conditions (60) and on 
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scrap returned for remelting, although there is little direct exper- 
imental evidence for these observations. 
The hydrogen content of the melt may also be augmented by reac- 
tion with water vapour in the atmosphere)and seasonal variations in 
the incidence of hydrogen generated defects, such. as blisterings 
have been attributed to variation in humidity over the melts (148). 
Another source of hydrogen is steam evaporated from residual 
moisture in the linings of launders, moulds and their accessories 
over which the molten metal passes during transfer from the furnace 
in the casting operations. 
6.2.3 Hydrogen Sources Durinq Solid MetaZ Manufacture 
Solid metal can absorb hydrogen when heat-treated (60). The 
surface condition of the material is a factor. In Eborall and 
Ransley's experiments (61), corroded thin sheets of Al - 5Mg alloy 
evolved four times as much hydrogen as material which first had the 
corroded surface removed. Talbot and Granger (147) showed how hot- 
rolled plates of aluminium had their hydrogen contents doubled 
during an industrial anneal at 5000C for 8 hours. 
Eborall and Ransley (61) and Swain (62) showed Al - Mg alloys 
readily absorb hydrogen from water vapour at 4000C - 500OC; the 
gas rapidly penetrating thin sections. The absorption is catalysed 
by sulphur which is present in industrial furnaces and this effect 
is inhibited by the vapour from volatile fluorides placed in the 
furnace atmosphere (60). 
There is a considerable amount of work published on the dis- 
tribution of hydrogen in castings and ingots of aluminium and its 
alloys and further information can be found in references 58,59 and 
60. 
. 
Interdendritic porosity in ingots cast for fabrication does 
not weld up completely in working operations but is flattened into 
planar discontinuities (58,59,60,123). The presence of hydrogen 
gas in such voids inhibits healing on subsequent working and is 
responsible for effects such as blisters on annealed or solution- 
treated materials (58,59). 
Surface blistering is a comon form of*damage to wrought 
aluminium and its alloy products. The basic cause is the inflation 
of internal defects by hydrogen when the overlying material is soft 
during annealing or solution-treatment prior to ageing. 
Blisters can be induced in otherwise sound metals if faults are 
introduced in the course of mechanical working. The metal needs to 
spend some time at a relatively high temperature to allow hydrogen to 
accumulate by diffusion, to the defects as it is virtually immobile 
in aluminium at room temperature (60). 
The most effective sources of blisters are defects formed as a 
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consequence of the extrusion process and areas of poor adhesion 
between cladding and core in roll-bonded clad products, as those 
observed by Kostron (149) in Al - Cu - Mg sheet. He also suggested 
that inclusions and hard intermetallic compounds can become partly 
detached from the matrix during deformation and hence provide blister 
sites. 
When there is marked hydrogen absorption in solid aluminium 
alloys, as can happen during solution-treatment in air furnaces 
preparatory to age-hardening (150), spherical cavities grow near the 
surface and coalesce to form so-called 'diffusion' or 'reaction' 
blisters (149). 
There is a body of evidence which accounts for the presence of 
hydrogen in aluminium and its alloys. What is yet unclear is the 
effect different conditions of Hot Isostatic Pressing would have on 
the hydrogen present in porosity in the metal. 
The basic theory for removal of a pore containing gas under HIP 
has been reviewed in Chapter 5, but a simple analogy can be used to 
show the benefits of using higher pressures, 
The internal pressure Pi to stabilise a pore of radius r is 
given by P 3. = 
2y/r where Y is the surface energy. If the pore exists 
without internal gas then 2y/r causes a driviný force for closure. 
As for most metals, y is typically around 2Jm7 ,a pore of radius 
O. lmm gives a value of 2y/r of -4x 104 Nm72. The maximum HIP 
pressures obtainable commercially are up to 200 MPa and comparing the 
two values shows how beneficial a HIP treatment can be. 
If gas is present within the pore, increased HIP pressure PH 
would be expected to reduce the radius of the pore, raising the 
internal pressure within the pore. It has been suggested (42) that 
an increase in external pressure causes increases in solubility of 
the gas, allowing it to diffuse away to permit pore closure. 
Much of the published work shows the beneficial effects of HIP 
on the mechanical properties of materials (34,47), yet very little 
is available on the behaviour of hydrogen gas present in metal 
porosity when subject to a HIP treatment. 
Recent work by Rooy (47) has shown the improvement of proper- 
ties undergone by cast aluminium. parts after HIP. He suggests that 
the process success is a consequence of the combined effect of 
pressure and temperature which causes collapse of internal voids 
through plastic deformation. The hydrogen is assumed to be redis- 
tributed by going into solution at the increased pressure allowing 
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pore closure. A reheat treatment in casting with h, igher levels of 
hydrogen caused the gas to diffuse to lattice discontinuities and 
porosity is seen to appear at locations such as grain boundaries. 
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CHAPTER 7- MATERIAL AND EXPERIMENTAL TECHNIQUES 
7.1 AS-RECEIVED MATERIAL 
The material under investigation is SUPRAL 150 (clad 2004) and 
has a nominal composition by weight of 93.5% Aluminium, 629 Copper 
and 0.5% Zirconium, with pure aluminium cladding on both faces of the 
sheet material. 
The alloy was provided by Superform Metals Ltd., in the form of 
cold-rolled 4mm thick sheet (virgin or zero strain material) and as 
superplastically formed (SPF) discs cut from 'top hats' themselves, 
produced by Superf orm. 
A material thickness profile of the whole top hat was measured 
and the true thickness strain c3, defined as 2, n (t f : 
/to) was 
calculated. 
Density measurements were carried out on 25mm2 samples cut from 
the discs in an attempt to relate the deformation to the cavitation 
present in the material, and to check the uniformity of the super- 
plastic deformation within a disc. 
7.2 ISOTHERM4L ANNEALS 
In order to determine the recrystallisation and grain growth 
characteristics of the supplied materials, COUDons (10mm x 20mm) were 
cut from the virgin and SPF material and anneaied between temperatures 
of 2000C - 5300C for periods of time ranging from 30 minutes to 24 
hours in an air-circulation furnace controlled to ± 10C. 
The densities of the coupons were taken before and after anneal- 
ing, to determine the effects of increasing temperature and time on 
the cavitation present in the alloy. 
The annealed coupons were mounted so as to expose the T-ST 
directions, as indicated in Figure 33, from which grain sizes were 
determined. 
7.3 METALLOGRAPHIC EXAMINATION 
Metall 
' 
ographic techniques were used to determine the effects of 
HIP3, heat-treatment and other processes described later, on the 
composition, structure and cavitation present in the formed and 
unformed alloy. 
7.3.1 Grain Size Determi'nation 
The Mean Linear Intercept (ELI) parameter was used to give values 
for the grain size. MLI values were obtained by observlng a sul Itably 
etched specimen under the optical microscope and counting the number 
of grain boundary intersections along a line (of known length) which 
was superimposed on the specimen surface. 
0 
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Dividing the line length by the mean number of 0 
gave the MLI in microns. This process was repeated 
each location and the mean value recorded. Rotation 
or graticule allowed the MLI to be determined in the 
directions. 
7.3.2 Scanning Electron Microscomi 
intersections 
ten times at 
of the specimen 
T and ST 
Cavitated and virgin specimens were examined in a Cambridge 
Instruments Stereoscan 2A, to observe the nature of cavitation and 
identify the precipitates present in the alloy by use of the analysis 
facilities. 
An attempt was also made, by mapping, to determine the distribu- 
tion of copper and zirconium in the material and relate this to the 
grain size. 
Fracture surfaces of the room temperature tensile test specimens 
were also viewed under the SEM. 
7.3.3 Transmission Electron Microsconu 
Thin foils for the TEM were prepared by cutting 3mm diameter 
discs from the as-received and cavitated material by spark erosion 
machining to reduce deformation. The specimens were then mechanic- 
ally ground to 0.15mm and subsequently jet polished using a 
Struers Tenupol on 20V and 0.2A. The electrolyte mixture contained 
ethanol, perchloric acid and glycerol in the proportions 7: 2: 2. 
A photoelectric cell terminated polishing when a small perfora- 
tion appeared in the foil. After washing in ethanol, the foils were 
placed in a hot stage and viewed in a Jeol 200 kV TEM. 
The temperature of the hot stage was raised in 500c increments 
up to 530'C, to see the effect on dislocation movement and the behaviour 
of precipitates (mainly CuAl2) with increasing temperature. 
A major problem in using this technique is the difficulty of 
obtaining photographs because of specimen movement in the hot stage 
during heating. At higzher temperatures, oxidation of the specimens 
was another problem. 
7.3.4 Hot Stage Microscopy 
The polished and etched edge sections of both formed and virgin 
specimens of Supral 150 were viewed under a light microscope whilst 
being heated in a Leitz hot stage. 
An atmosphere of high-purity Argon was used to minimise surface 
oxidation. The specimens were heated up in the hot stage in an attempt 
to view the hehaviour of internal gasesIn the material with increasing 
temperature. Using this method, aurface oxidation was- minimised up 
to 4000C. 
A high vacuum (> 10-6 torr) by the use of both a rotary pump and 
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a diffusion pump was achieved in the Hot Stage. This ensured no 
surface oxidation of the specimens up to 5500C and was used to study 
the behaviour of the intermetallics (CuAl2 and ZrAl3) with increas- 
ing temperature in the alloy. 
7.4 CAVITATION DETERMINATION 
Cavitation in the alloy was studied using two techniques :- 
(a) Hydrostatic weighing 
Quantimet Image Analysis 
7.4.1 RýYdrostatic Weie7hina 
Many variations of'this technique exist for the measurement of 
density. It is often used to quantify the extent of cavitation 
during superplastic deformation (34,35,125,126) or void-volume 
fraction during creep (38). 
A commonly used method is that originally described by Ratcliffe 
(155) for the measurement of relative densities and the basis of this 
technique is to weigh the specimen against a dummy (standard) in air 
and liquid, before and after the specimen has been subjected to a 
treatment, which changes its density. 
An alternative method is to measure the absolute density as des- 
cribed by Cawthorne and Sinclair (156). 
The density of the sample is given by :- 
P 
(A N) (-P )+P (54) 
sý (A W) water - Pair air 
where N is the empty weighing system, A is the specimen weight in 
air and W the specimen weight in water, see Figure 34. p air 
is the 
density of air and Pwater, the density of water. 
7.4.2 Apparatus and Procedure 
The apparatus, shown in 'Figure 34, uses an analytical, self- , 
calibrating specific gravity Sartorious balance (with the pan inside 
a draught proof enclosure) reading to 10-5 grams. 
Water with a few drops of wetting agent is used for the immer- 
sion liquid. The use of heavy organic liquids, which 'should, in 
theory, lead to improved accuracy, has been found (156) to lead to 
poor standards of reproducibility; the high coefficients of exPan- 
sion of these organic liquids lead to strong convection currents. 
The vapours from such liquids are unpleasant, particularly since 
vigorous ventilation is precluded for reasons of balance stability- 
Water is innocuous, has a density, well-characterised over the ambient 
temperature range and has a low coefficient of thermal expansion- 
The repeatability of the technique may be adjudged from Figures 
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ýl and 51a which give the results of density determinations on the 
same coupons of virgin and formed Supral 150 over a period of time. 
7.5 QUANTIMET IMAGE ANALYSIS 
The Imco Quantimet 7220 analyser was used to give the area frac- 
tion and mean size of cavities in the T- ST plane of the unetched 
mounted specimens. Between five and ten areas were taken for each 
sample. 
7.5.1 Area-Fraction 
The area fraction (af) of cavities was given by :- 
xc 
af xt 
(55) 
where Xc= Number of picture points covering cavities 
Xt = Total number of picture points on the screen, which is 
5009000 
Calibration of the screen area gives a value for each picture point, 
Table 5. 
7.5.2 Cavity Size Distribution 
The cavity size distribution can be obtained by several methods. 
Firstly, the total number of cavities displayed (N ) is divided 
into the total void area, Xal to give the number of Picture points 
per cavity, Ac 
Xa 
Nf (56) 
Assuming 2 distribution of spherical cavities, then each cavity area 
equals 7rr , and hence the mean cavity radius r, is given by :- 
r= '(57) 
The radius can also be obtained'frow the perimeter values, as the 
perimeter is given by 7rd, whbr6 d is cavity diameter. 
S. 3 CavCtil Separation 
Using the 'intercept' mode on the Quantimet 720 enables the mean 
horizontal chord length (PH) be6re6n cavities to be determined. The 
- 53 - 
cavity separation (L) from this data is calculated by :- 
xtp-x 
H 
(58) 
Some of the specimens used in the image analyser were photographed and 
printed for a manual image analysis. 
A grid placed over the photograph enlarged to a suitable size 
allowed manual determination of the cavity size distribution. 
7.6 HOT ISOSTATIC PRESSING 
7.6. .1 -EqufPment 
Hot Isostatic Pressing was carried out in an internally-heated 
vessel of the type shown in Figure 35. The vessel is capable of 
safely operating at pressures up to 60 NPa (8000 psi) at 8500C. 
Pressures up to 60 NPa can be achieved independently of tempera- 
ture. 
The pressure vessel consists of an EN24 high tensile Ni - Cr - Mo 
steel, Figure 35. A4t. p. i. buttress thread ismachined in each end 
to accommodate the hollow nuts which retain the end-closures. These 
are cylindrical plugs separated from, the hollow nuts by slip rings 
to prevent turning of the plugs. Sealing of each end closurels 
effected by rubber '0' rings, set in a recess in the plug supported 
by two further rings to prevent extrusion of the 101 ring under 
pressure. The plugs and hollow nuts are made from EN8. a medium- 
tensile carbon steel. The end plugs are thermally insulated from a 
double-wound helical heating element by ceramic fibre, heat shields 
and 'Sindanyo'. 
The vessel is pressurised from a standard, high-purity argon 
holding (up to 17 HPa). Higher pressures are obtained by the use of 
an air-driven booster pump, Figure 36. 
Temperature control is achieved by stainless steel sheathed 
chromel-alumel thermocouples in thermal contact with the specimen 
in 
the heating coil. 
There are five other thermocouples located around the vessel; 
each- has a preset temperature which, when exceeded, cuts the power to 
the vessel. The temperature is continuously Taonitored on a chart 
recorder. Pressure sensing and release devices are incorporated 
into the pressure circuit, to provide warnings in the event of over- 
pressurisation. 
A fuller description of the i7essel isý given'in reference 157. 
7.6.2 Procedure 
The specimens are placed inside the vessel which is then 
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evacuated using a rotary pump and flushed several times with high- 
purity argon. Charles Law was then used to calculate the initial 
vessel pressure required to give the desired final pressure at the 
temperature of HIPping. 
The temperature was raised in 500C stages to the desired value, 
a procedure which took between 5 and 15. minutes depending on the 
pressure and temperature required and the mass of metal to be HIPped. 
The temperature control is better than ± 20C. 
In later experiments the vessel was evacuated at temperature 
4000C) to ensure that any adsorbed gases and moisture in the vessel 
were removed. The Argon gas was then introduced and HIPping proceeded 
as described earlier. 
7.7 EFFECT OF HIP ON CAVITATION IN SUPR, 4L 150 
25mm2 coupons were cut from the discs of the superplastically 
formed top hats and classified in terms of initial density and thick- 
ness strain. 
Three coupons of differing thickness strains, containing differ- 
ent levels of initial cavitation were used for each HIP test. In 
order to determine the conditions which closed cavitation in the 
formed material, the following range of temperatures and pressures 
were used, all for a half-hour HIPping period. 
Pressure (MPa) Temperature (OC) 
35 
28 
21 300,325,350,375,400,450 
14 
7 
The density of each couppn was remeasured after HIPping and com- 
pared to the density of the undeformed virgin sheet material. 
Once HIP conditions which closed cavitation in the deformed alloy 
were determined, these were used to show the effect of HIP time 
(between 30 seconds and 10 hours) on cavity closure and sealing. 
The effect of heat-treatment on the HIPped SPF Supral 150 was 
also investigated to ascertain whether*davitation had closed or 
sealed during the HIP process. 
7.7.1 MechanicaZ Property Improvement by HIP. Tensile Testý= 
25mm gauge-length tensile test specimens were cut from the discs 
of the formed top hatg and from the undeformed cold-rolled sheet 
material in both at 00 and 900 to a chosen direction and tested at 
room temperature to give basic mechanical property data. 
Before tensile testing, the specimens were subjected to a range 
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of Hipping conditions known to close cavitation, followed by the- 
appropriate heat treatment recommended for the Supral 150, shown in 
TabLle 6. 
Further work attempted to determine the effects of internal 
gases in cavity closure and sealing. Specimens were vacuum-degassed 
(as shown in Section 7.8) before being HIPped and heat-treated as 
before. 
A fuller description of the conditions that each set of tensile 
test specimens has been subjected to is present in the table of 
results for each set, shown in Chapter 8. 
7.8 VACUUM DE-GASSING 
An attempt was made to determine the effect of internal gases on 
cavity closure and sealing in the alloy. To do this, tensile speci- 
ment were vacuum de7gassed before HIPping under conditions known to 
close cavitation. 
The conditions used were 5000C , under a vacuum of 10-6 torr for 
one hour. These are conditions used when analysing for hydrogen In 
the, alloy and ensure little gas is left left within the alloy. (164) 
The pquipment used for the vacuum degassing process is shown in 
Figure 38. 
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8. RESULTS 
8.1 AS-RECEIVED MATERIAL 
Energy-dispersive X-ray analysis on the SEM shows that the heavily 
cold-rolled structure of the Supral 150 undefornied sheet material 
(Figure 39) consists of two phases : the aluminium rich matrix and 
copper rich (CuA12) 6 precipitates of varying sizes. The presence of 
large ZrAl3 precipitates, Figure 39, suggests that not all the Zr has 
been utilised to form a fine dispersion of cubic ZrAl3 particles 
(< 0.2 Vm) needed for grain boundary pinning. 
The effect of static annealing at various temperatures and'times 
on the grain size is shown in Table 7 and the change in structure is 
depicted in Figures 40a, 40b and 40c. It is clear that the material 
does not recrystallise easily below 450'C. At 5300C, recrystallisa- 
tion and grain growth is rapid, Figure 41, with a grain size of 
approximately 30 Pm after one hour, rising to over 75 Um in 15 hours. 
Figure 42 plots the variation of the grain size with time in log-log 
form. 
8.1.2 SuperplasticaZly-Formed MateriaZ 
Figure 43 gives the profile of a SPF 'top hat' which shows the 
variation of thickness strain, c3l (kn tf/to), (where tf is final 
thickness and t is the initial thickness) with increasing super- 
plastic deforma? ion. 
The level of cavitation, as measured by densitometrY, is seen to 
increase with increasing thickness strain, Figure 43a. 
Figures 45 and 46 give an example of the uniformity of super- 
plastic deformation across the disc cut from a 'top hat' and the 
variation of cavitation (measured through densitometry), with strain 
across the disc. 
The nature of the cavitation present in the SPF material is 
shown in Figure 47. The optical micrographs are taken from sections 
through the thickness of the sheet at a strain of 1.1. 
Figure 47a shows the grain structure present after superplastic 
deformation of the sheet to a strain of 1.1 and Figure 47b confirms 
the complete bonding of the aluminium cladding to the matrix. Figure 
47c shows a micrograph of the material grain size after a static 
anneal at 4500C for 1 day. The edge section shows a wide range of 
grain sizes across it. Figure 47d shows the mixed grain structure 
observed in cavitated Supral 150 (in T-ST section) after the recommended 
T6 heat treatment. 
Cavitation is seen to be associated largely with the 0 CuAl2 
precipitates and to a lesser extent with the larger ZrAl 3 precipitates (Figures 47e and 47f). 
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8.1.3 Isothermal AnneaZs. 
The effect of static annealing at different temperatures for 
times up to 15 hours on the cavitation and grain size present in SPF 
material was studied using densitometry and the MLI concept discussed 
in the last chapter. 
Plotting the grain linear intercept (dmZi) in the T and ST direc- 
tions versus time, Figure 489 shows that for static annealing of a 
material with an initial grain size of between 5-7 Um, grain growth 
occurs above temperatures of 4000C. For a period of 15 hours, the 
majority of the grain growth is seen to take place in the first 3 
hours. 
Replotting the results for 4000C and 5300C in kn d vs Xn t form, 
Figure 49, produces straight line plots for both the T and ST direc- 
tions. The gradients of these lines shows that the initial growth 
rate increases with increasing annealing temperature. 
Figure 50 shows the effect of grain size at different annealing 
temperatures for set times. 
- It can be seen that the grain size of the material remains con- 
stant at 2000C. irrespective of whether it has been annealed for one 
hour or fifteen hours. There is a greater time dependence on the 
grain growth above temperatures of 4000C. 
1.4 Measurement of Cavitation by Rýi ydrostatic Weighin -q 
The hydrostatic weighing technique used for measuring the density 
(and hence cavitation) in the material is that of Cawthorne and 
Sinclair (156), in which they claim to achieve a precision of ± 0.04% 
for 30 mg specimens, using an electrobalance with a 0.1 pg sensitivity 
and water as the weighing liquid. 
For the present investigation, a similar method was used. The 
weighing liquid was water and the balance used read to 10-5g. An 
indication of the reproducibility of this method is given in Figures 
51 and 51a. Figure 51 shows the variation in density of the same 
specimen of as-received Supral 150, taken over twenty five readings 
in a period of time. Figure 51a shows the same for a specimen of SPF 
Supral 150. 
A maximum variation in the, density for the virgin material is 
seen to be - 0.17% and for the SPF material of around 0.21%. When 
the results have been plotted as fractional density changes, the 
following formula has been used :- 
P 
(- o - 
PC) 
P0 P0 
(59) 
where pc is the density of the SPF cavitated specimen and po is the 
density of the virgin material. 
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The value of po used in this investigation is 2.8086 g cm-3 and 
is the average of over 100 density readings taken on as-received 
Supral 150 from various batches of the material. 
8.1.5 
-Effect 
of IsothermaZ Anneats on Cavitation in Formcd SupraZ 150__ 
Figure 52 shows the effect of time and temperature on the cavita- 
tion present in SPF Supral 150. The rate of sintering is seen to 
increase initially rapidly with time, becoming stable at longer times. 
For fixed times, Figure 53, the extent of cavity sintering, as indic- 
ated by density change values, increases with higher temperatures. 
Figure 54 gives a logarithmic plot of the sintering rate, 
a/at(AP/Po )versus the recipricol of the temperature for a fixed 
sintering time at atmospheric pressure (38). 
8.2 EFFECT OF HIP ON CAVITATION IN SUPRAL 150 
Figures 45 and 46 quantify the extent of initial cavitatlon in 
a disc of SPF Supral 150. This exercise was repeated for other 
discs and from the results three regions of initial cavitation levels 
in the specimens were identified. In region A the specimens contained 
between 3.42% and 2.88% cavitation; in region B between 2.88% and 
2.59% and in region C between 2.17% and 1.81%. 
For each HIP test, there were three specimens of differing initial 
density and hence cavitation. After HIP, the density of the specimens. 
was remeasured. 
Figures 55 - 64 show the results in graphical form, for coupons 
taken from regions A and C. The change in cavitation levels in the 
specimens have been represented by the density values and in terms 
of a fractional density change using equation 59. 
The difference in fractional density change of a specimen before 
and after the HIP treatment is also plotted and given by : 
Ap PCT - Po PC - PO 
Pf PO PO 
or 
AP ) ax 
PCT - PC 
(60) 
Pf PO 
where po is the virgin (zero strain) material density, 
PC is the density of the SPF cavitated material 
and PCT is the density of the same coupon after treatment* 
Figures 55a - 64a show the results in this form. Figures 65,66 and 
67 give composite plots of all the HIP results. They show that* 
generally, the rate of change in the density increases with increasing 
hydrostatic pressure. For the set HIP time of 30 minutes, combinations 
of the pressure and temperature required to return cavitated material 
to virgin material density, irrespective of the initial level of 
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cavitation, can be obtained from these plots, Figure 68. It is seen 
that as the temperature of HIP rises, lower external pressures are 
needed to close the cavitation. 
Figure 69 shows the pressure/temperature combinations for 
successfully closing cavities in Supral (from Figure 68) on a plot 
giving the variation of flow stress, with temperature (at different 
strain-rates) for uniaxially tested Supral 150 from the work of Brick- 
nell and Bentley (158). From the data available it is seen that 
those conditions of pressure and temperature required for cavity 
closure are similar to the variation of the flow stress with tempera- 
ture change for Supral 100 at a strain-rate of around 5x 10-4sec-1. 
Assuming that there are no gases present in the cavities during 
HIP, the material will flow to fill the hole if the external pressure 
is greater than the flow stress of the material at the particular 
temperature and strain-rate. Figure 70 is an Arrhenius plot using 
the data from Figure 68 to determine the activation energy at a 
constant strain rate, (Qt) by plotting zu(stress) against 1 
l/T. The 
value of Qý from this graph was found to be 53.54 KJ mol- and may be 
used to determine the deformation mechanism operating during the HIP 
process. All the HIP tests have been conducted for 30 minutes 
duration. The effect of shorter times on cavity closure using con- 
ditions known to close porosity was also investigated. Figure 71 
shows that under conditions of 28 IlPa at 3600C and 4500C. cavitation 
in formed Supral 150 is eliminated after twenty and'five 
minutes respectively, the rate of cavity sintering initially being 
high and decreasing with longer HIP times. 
Figure 72 is a micrograph of SPF Supral 150, which has been 
HIPped back to virgin material density and Figure 72a shows the 
grain structure of the same specimen after etching. 
The results presented in this section show the conditions of 
pressure, temperature and time needed to close cavitation in SPF 
Supral 150 components, but do not reflect the extent of cavity sealing 
due to the HIP process. Incomplete cavity sealing may be detected 
through the effect it may have on the mechanical properties of the 
material, as indicated in tensile test data. Alternativelyt a post- 
HIP static anneal or the solution treatment described for the alloy 
may cause the partially sealed cavities to reopen. 
8.3 EFFECT OF HEAT-TREATMENT ON PRE- AND POST- HIP MICROSTRUCTURE 
When SPF Supral 150 is subjected to its heat-treatment detailed 
in Table 6, the level of cavitation is seen to decrease, Figure 73. 
The extent of the fall is dependent on the superplastic strain that 
the material has been subjected to. 
If cavitation in the material is closed by suitable HIPping 
conditions (chosen from Figure 68) and then subjected to post-HIP 
annealing treatment (such as the heat treatment detailed in Table 6), 
cavitation is presumed to develop as indicated by a drop in the 
density of the material, Table 18. Figures74,75 and 76 show the 
nature of this cavitation, which appears to be more homogeneously 
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distributed through the material in comparison with that present 
after superplastic deformation. 
This suggests that incomplete cavity sealing may be occurring. 
Increasing the HIPping time (up to ten hours) seems not to affect 
drastically the extent of cavity sealing, Table 8, which shows that 
solution treatment of material which has been HIPped for up to 10 
hours still produces a drop in the density of the material, Figure 77. 
It was thought that this effect may be due to the presence of 
dissolved gases, largely hydrogen, in the metal. Four specimens, 
taken from the flange region of 'top hats' were analysed, Table 9, 
and showed hydrogen levels ranging from 0., 53 - 0.86ppm. 
8.4 VACUUM DEGASSING OF SUPRAL 150 
To ascertain whether the high level of dissolved hydrogen in the 
material was responsible for the reappearance of porosity during a 
post-HIP heat treatment, specimens of the cavi a ed material were 
vacuum annealed at 5000C under a vacuum of 10- orr f or one hour, 
which ensured removal of the hydrogen gas from the alloyo as 
these are the conditions used in determining the levels of hydrogen 
in the material given in Table 9 (164). 
The influence of using higher HIP temperatures (on as-received 
cavitated and vacuum degassed cavitated material) on cavity sealing 
as indicated by the extent of cavity reappearance on heat-treatmento 
is shown in Figures 74 and 75. 
For the non-degassed material, Figure 74, HIPping under a 
pressure of 28 HPa for half an hour at 4000,4500C and 5000C increases 
the density of the cavitated specimens to virgin material density. 
The post-HIP heat treatment decreases the density of the specimens 
with the lowest temperature HIP group suffering the greatest density 
change. 
Similar results for vacuum degassed material are-presented in 
Figure 75, although the decrease in the density on heat-treatment after 
HIP is less than that encountered for the non-degassed material. , 
At a HIP temperature of 5300C for the stated HIP conditions, the 
density of the specimens remains constant on heat-treatment, suggesting 
that no cavitation has reformed. These observations suggest that 
either the higher HIP temperatures cause better cavity sealing or the 
hydrogen gas removal is facilitated at elevated temperatures. 
- 
8.5 EFFECT OF HIP AND HEAT-TREATMENTS ON CAVITY MORPHOLOGY AND MIN 
SIZE. 
8.5.1 SPF Material 
Figure 78 shows the nature of the cavitation present in SPF mater- 
ial. after the T6 heat- treatment)whi ch has a more rounded appearance 
than that present after superplastic deformation. 
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Figure 76 shows the change in morphology and distribution of 
cavities which reappear on hbat-treatment after HIP at 4500C under a 
pressure of 28 MPa for I hour. The sections show less cavitation 
than that observed in the original SPF material, it is smaller and 
more homogeneously distributed, as the cavitation in SPF material 
seems to have a greater concentration along the centre of the edge 
section (Figure 47). 
When the SPF material is HIP'ped at 5000C, 28 MPa, I hour, 
cavitation is eliminated giving a micrograph such as that in Figure 
72. On subsequent heat treatment (T6), the cavitation that reappears 
takes the form shown in Figure 79. This is fine and rounded in 
appearance and homogeneously distributed. Some seems to be associated 
with the CuAl2 precipitates and other inclusions present in the 
material. 
Figure 80 shows the extent of cavity reappearance on solution 
treatment after HIPping SPF material at 100 MPa, 5000C for 3 hours. 
The specimen contained less cavitation in comparison to those already 
discussed in this section. 
8.5.2 Vacuum Deqassed SPF MateriaZ 
Figures 81 and 82 show the effect that vacuum degassing has on 
the cavitation present in the alloy. 
If the material is vacuum degassed (as described in section 8.4)ý 
and then heat-treated, the nature of the cavitation is shown in 
Figure 81. 
Figure 82 shows that little cavitation reappears after a post- 
HIP heat treatment (HIP under 28 HPa, 4500C, I hour) if the material 
has been subjected to a vacuum degas before HIPping. The cavitation 
present is similar to that in Figures 79 and 80. 
Quantimet Image Analysis results of T-ST sections containing 
cavitation of as-formed, as-formed and heat-treated (T6) and as- 
formed, HIPped (28 MPa, 4500C, I hour) and heat-treated specimens, 
are given in Figures 83 to 85 respecýively. These consist of plots 
giving the number of cavities per mm for set cavity lengths. Each 
figure represents. a specimen, which is cut into sections, giving a 
plot for each section. The results confirm the effect HIP and heat- 
treatments have on cavitation in this alloy, as shown in the earlier 
micrographs in Sections 8.4 and 8.5. 
The individual plots for each specimen show that when SPF mater- 
ial is heat-treated, the level of cavitation is seen to decrease. A 
comparison of the area fraction of cavitation in SPF and SPF + T6 
material, Figures 82 and 83, shows that the cavitation level has 
decreased from 8.36% to 6.24%. These values represent the cavitation 
in polished T-ST sections. Experience has shown that continued 
polishing of these specimens gives varying levels of cavitation as 
the material is removed. The figures thus are being used to enable a 
comparison of the effects of heat-treatment and HIP on the extent of 
cavitation and cavity distributions. 
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Figures 82 and 83 also indicate that there is a decrease in 
number of the larger cavities (> 42 pm), but the figures are not 
greatly different, as the composite plots show. 
When SPF material is HIPped (4500C, 28 MPa, I hour), metallography 
(Figure 72) and density measurements, Figure 68, indicate the closure 
of the cavities. Subsequent heat-treatment (TO causes this cavita- 
tion to reappear, Fig 2ure 76. Q. I. A. of this cavitation, Figure 84, 
when compared to the cavitation present in SPF material (Figure 82) con- 
firms that less cavitation reappears on heat-treatment after HIP. 
8.5.3 Effect on Grain Size 
The vacuum degas, HIP and heat-treatments subjected to this 
material, also affect its grain stability. The micrographs of etched 
edge (T-ST) sections of cavitated Supral 150 in Figures 86 and 87, 
give an example of the range of grain sizes that occur as a conseq- 
uence of the treatments. 
Figure 86 is a micrograph of cavitated Supral 150 which has been 
vacuum degassed (5000C, 10-6 torr, 1 hour) and then subjected to a T6 
heat treatmentq and shows a range of grain sizes in the section. 
The specimens shown in Figures 87,87a and 87b have undergone the 
vacuum degas treatment and then HIPped at 4500C, 28 MPa, for I hour; 
before HIPping commenced, the pressure vessel was also vacuum 
degassed at 4500C, 10-1 torr for I hour. After HIP the materials were 
subjected to the T6 treatment. The figures again verify the develop- 
ment of abnormal grain growth in this material giving a range of 
grain sizes. 
Figures 48 and 50 and Tables 29 and 30 show the extent of grain 
size variation in the SPF Supral alloy when subjected to static 
anneals and various HIP and heat-treatments. The abnormal grain growth 
may have been attributed to an inhomogeneous distribution of precip- 
itates in the alloy. 
Wavelength and X-ray dispersive analysis facilities on the SEM 
were used to detect the presence of copper, zirconium, iron and 
silicon in the alloy and their distribution was found by using the 
mapping facilities. 
Figure 88a is an SEM micrograph of as-formed material which 
has been heat-treated (TO. 
Figures 88b - 88d give the distribution of the various elements 
and show the presence of copper and iron. Many of the cavities are 
seen to be associated with the copper containing particles. Zirconium is present in the alloy as ZrA13 in two sizes, as fine sub-micron 
sized precipitates (159) and larger sized particless Figures 89 and 
89a. Figure 89: 'shows how the larger zirconium precipitates can be 
detected by mapping. Unfortunately, mapping for the distribution of 
the finer ZrAl3 precipitates, Figure 90 0 shows less conclusive results, because of the small amount of zirconium in the alloy (- 0.5%)- 
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Silicon containing particles are also present in the alloy, Figure 
88d. 
Figure 90a shows an SEM micrograph of the range of grain sizes 
encountered in the T-ST section of AF Supral after HIP (500OCt 
28 MPa, I hour) and T6 treatments. 
Distribution maps of zirconium (using both energy dispersive and 
wavelength dispersive analysis facilities) fail to show any conclus- 
ive proof of the distribution of fine ZtAl 3 in the alloy. 
Figures 90b and 90c seem to suggest a homogeneous distribution of 
Zr (using wavelength dispersive analysis) in both the large and small 
grain sized areas of the specimen - yet this result may just be 
showing the background levels)as Zr (being of sub-micron size) may not 
even be detected. However, the counts accumulated in ten seconds 
during spot analysis for zirconium, across the thickness of the speci- 
men, Figure 91, in O. Olmm stages (Figure 92), show that no zirconium 
exists in the cladding, and seems to confirm its homogentous distribu- 
tion in the matrix. The few high counts registered are probably due to 
the spot being positioned on the larger ZrAl3 particles. 
Finally, X-ray analysis of the cladding in heat-treated as-formed 
material, Figure 93, shows the presence of a small amount of copperf'Fig. 93a. 
This is confirmed by the line scan,. Figure 93b, for copper across 
the matrix and cladding. 
8.6 HOT STAGE MICROSCOPY 
8.6.1 Transmission EZectron Microscopy (TEM) 
Hot stage TEM was used in an attempt to follow the changes in the 
microstructure (dislocations and precipitates) with increasing temp- 
erature. Thin foil TEM specimens of as-rolled Supral 150, Figure 94, 
showed a structure containing a high dislocation density. Raising 
the temperature of the hot stage showed the progressive elimination of 
the dislocation tangles, until at around 4000C, the formation of 
dislocation-free grains occurs, Figure 94c. 
7e Microscopy 8.6.2 Ot)tical Hot Stac 
This was used to try to observe the reformation of porosity'in 
SPF material which had its cavitation closed by a suitable HIP treat- 
ment. Observations of the polished surfaces were made in a hot stage 
under high purity argon and in a vacuum which was better than 10-3 
torr. 
Figure 95 shows the surface of SPF Supral 150 after HIPping at 
450OC9 28 MPa for I hour. 
Figure 95a shows the same specimen after I hour at 5300C under a 
vacuum of > 10-3 torr in the Leitz hot stage, which registers no 
change. 
A specimen which has undergone a similar treatment as above is 
then heated to 5300C in an atmosphere of high purity argon. The grain 
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size is indicated by the fine layer of oxide appearing on the surface. 
The porosity is also seen to increase with time, Figures 96b and c. 
Figure 97 again shows the surface of HIPped SPF Supral 
150. At 5300C it remains unchanged, Figure 97a, when under a vacuum 
(> 10-3 torr). Yet when the vacuum is lost, Figures 97b and 97c, 
oxidation of the surface again indicates the grain structure as well 
as the porosity. 
These observations may suggest that hydrogen leaves the metal by 
a different mechanism when in a vacuum, as compared to atmospheric 
pressure. 
8.7 THE MECHANICAL PROPERTIES OF SUPRAL 150 
The effects of HIP and heat treatment on the microstructure and 
cavitation present in the alloy were followed by changes in the 
mechanical properties indicated by use of room temperature tensile 
tests. 
The results, presented in Tables 10 - 34, show the tensile 
properties (UTS, 0.2%proof-stress and elongation) as well as the 
treatment which the specimens have undergone and also indicate the 
change in density of the material after each treatment. 
As formed (AF) SPF material properties remain virtuallrunaltered 
when subjected to a static anneal at 4500C for thirty minutes. 
The average values indicate a 
stress (PS) and elongation percent 
difference is insignificant. 
slight rise in the 0.2% proof 
for the annealed material, but the 
Table 12 shows how solution-treatment of SPF material drastically 
improves the 0.2% PS and UTS with a smaller increase in the elongation 
percent. Subsequent ageing, Table 13, raises the material strength 
values but causes a slight reduction in the ductility. The densities 
of the specimens in Tables 12 and 13 increase as a consequence of the 
heat treatments. 
HIPping the AF material under different conditions, all of which 
close cavitation (as indicated by a return to virgin material 
density), Tables 14 - 16 show little change in the 0.2%PS and UTS, but 
an increase in the ductility when compared with the figures for the 
AF, material, Table 10. 
The extent of initial cavitation in the material affects the 
ductility. For example, in Table 10 for the AF material, the ductil- 
ity increases with higher initial specimen density, i. e. specimen L5 
(p - 2.6750 gcm-3) has a lower elongation present than specimen 
ET2 (p - 2.7490 gcm7-3). This effect is seen to prevail in the AF and 
T6 specimens (Table 13), In the AF and HIPped results presented 
in Tables 14 - 16, although the ductility values are, on average, 
higher when compared to the AF materialq the influence of initial 
cavitation is less pronounced. 
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When cavitated material which has been HIPped (at 28 MPa , 4501C, 
hour) and subsequently solution-treated (ST), Table 17, and ST and 
aged (T6), Table 18, is tensile tested, the effect of initial cavita- 
tion level on the post-treatment ductility is removed. 
The densities of the specimen have reached virgin material 
density due to HIP, and decreased on subsequent solution-treatment, 
Table 17. Ageing the material produces no change on the solution- 
treated density, Table 18. The 0.2% and UTS values have also increased, 
but on average are slightly lower when compared to material which has 
undergone a similar heat-treatment without the HIP (Tables 12 and 13). 
HIPping specimens of the cavitated material at 5000C, 28 MPa 
for I hour, followed by solution-heat treatment (T6), Table 23, 
produces 0.2% PS and UTS values similar to those attained by specimens 
HIPped at 4500C, 28 HPa for I hour and SHT, Table 18, but an increase 
in the ductility values are recorded by the former. There is also 
less of a density decrease on applying the T6 treatment after HIP for 
the specimens HIPped at the higher temperature, suggesting that less 
cavitation reappears after heat-treatment when HIPping at a higher 
temperature (at constant pressure and time). 
This observation is strengthened by the results tabulated in 
Table 25, which show that using a HIP temperature of 5300C (at 28 Was 
for I hour) returns SPF material to virgin material density. Sub- 
sequent heat-treatment (T6) produces a smaller fall in density than 
encountered for material HIPped and heat-treated at the lower tempera- 
tures (of 4500C and 5000C), Tables 18 and 23. However, comparison of 
the mechanical properties in these tables shows a drop for the mater- 
ial HIPped at 5300C. Table 25. 
Tensile test specimens of the SPF material were also HIPped' 
under a pressure of 100 MPa for three hours at a temperature of 5050C. 
The results show (Table 27) that the post-HIP T6 treatment produces 
no change in the density of the material. The values for the mechan- 
ical property data are all higher than those recorded when the 
material has been HIPped at lower pressures for the same temperature 
and subjected to the T6 heat treatment (Tables 13,18,23 and 25). 
8.7.1 Mechanical Properties of Vacuum-Degassed Material 
, As the material was analysed to contain a high level of. 'hydrogen 
gas Table 9, vacuum degassing of the tensile specimens (at 500OC9 
10-1 torr for 1 hours the conditions used when analysing for hydrogen), 
in a vacuum furnace was employed to ensure the removal of the 
hydrogen. A vacuum circuit was also fitted to the experimental HIP 
apparatus enabling the evacuation of the HIP pressure vessil so that 
before HIPping the vessel was subjected to a vacuum of 10- torr at 
4500C for thirty minutes. 
Table 19 shows the effect vacuum degassing (at. 5000C, 10-7 torr 
l. hour) SPF Supral 150 (prior to the T6 treatment) has on the mechan- 
ical properties which can be compared to the non-degassed material, 
Table 13. Looking at the average values, the 0.2% PS and ductility 
. ire sli'ghtly lower for the degassed material, but the UTS value is 
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marginally higher. The differences in these averageývalues may not' 
be significant, as inspection of any of the mechanical property tables 
will show similar differences between specimens which have undergone 
the same treatment. 
The final values of the T6 density for the degassed material, 
Table 19, are similar to those of the non-degassed specimen, Table 13. 
Table 20 shjws that if before HIP the pressure vessel is vacuum 
degassed (at 10 torr, 4500C, I hour), and the specimens then HIPped 
(28 MPa, I hour, 4500C), followed by the T6 SHT, the resulting 
properties are slightly higher than those from material HIPped under 
the same conditions but without the vessel degas, Table 18. Although 
the drop in density produced in the latter is greater than that for 
the pressure vessel degassed specimens. 
The same observations are true for SPF tensile specimens, 'Table 
21, which have been vacuum degassed (5000C. 10-7 torr, 'l hour) and 
HIPped and heat-treated as those in Table 20 above. 
If, however, the temperature of HIP for these degassed specimens 
is raised to 5000C, Table 24, there is less drop in density on SHT 
than that encountered for the degassed material HIPped at the lower 
temperatures. This effect is highlighted by the higher ductility 
v. alues encountered in Table 24. The 0.2% PS and UTS figures show a 
slight drop when compared to those obtained at the lower HIP tempera- 
tures (Tables 18,20 and 21). When the HIP temperature is raised 
again to 5300C, Table 26, very little cavitation reappears in the 
degassed material as the SHT density values are the same as the HIPped 
densities. The mechanical properties, however, all show a fall in 
their values when compared to those obtained by degassed material 
which has been HIPped at the lower temperatures (Tables 18,20,21 
and 24). 
Table 28 shows that under HIP conditions of 28 MPa, 4500CO a 
uIPping time of five minutes is required to return SPF cavitated 
material to virgin material density. 
Tables 29 and 30 show the average values for the mechanical prop- 
erties of non-degassed and degassed specimens, along with examples 
of the grain sizes induced in the material due to the different 
conditions. 
8.7.2 Mechanicat Properties of CoZd-RoZZed Vinain Surrat 150 
Table 31 gives the mechanical properties of as received cold- 
rolled 4mm sheet Supral 150. Subsequent annealing of this material 
(at 4500C for I hour) causes a reduction in the 0.2% PS and UTS but 
an increase in the ductility (Table 32). 
If this material is HIPped (at 4500C, 28 MPa, I hour) and 
solution-treated (Table 33), all the mechanical properties show an 
increase. Subsequent ageing of this material, Table 34, again raises 
the 0.2% PS and UTS but a lower level of ductility is recorded. 
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HIPping cold-rolled sheet Supral 150, Table 34, produces a small 
but consistent increase in the density. Heat-treating the material 
results in a decrease in the density. 
8.8 EFFECT OF VACUUM DEGASSING ON DUCTILITY IN SUPRAL 150 
Figurel05 shows how the initial level of cavitation in SPF 
material can affect the ductility. For as-received SPF material, the 
ductility increases with higher initial density levels. Heat-treating 
this material raises the elongation values obtained, but there is 
, 
still an effect from the initial cavity levels present. 
If the SPF material is HIPped (4500C, 28 Mra, I hour) and 
solution-heat-treated (TO, there is a marked increase in the 
ductility with less influence from the extent of initial cavitation. 
Raising thetemperature of HIP to 5000C (at 28 MPa, I hour) 
followed by the T6-treatment, again raises the elongation percents 
recorded, but now there is virtually no effect on ductility from the 
initial cavitation levels present in the tensile test specimens. 
When the material is HIPped at 5300C (at 28 MPa, I hour) and heat- 
treated (T6), the ductility values are seen to fall. 
FigurelO7 shows how the initial cavity levels and subsequent 
-, 
treatments affect the ductility for SPF material which has been 
vacuum degassed (5000C, 10- torr, 1 hour). Vacuum degassing SPF 
material followed by the T6 treatment gives similar ductilities as 
those obtained by non-degassed (or as received) SPF material (Figure 
105. Figure 107 c3lsO shows' that the HIP treatments employed on the 
vacuum degassed material remove the influence that initial cavitation 
levels have on the ductility of the material, 
The effect of HIPping temperature (at 28 M? a, I hour) on ductil- 
ity for both non-degassed and degassed SPF materials is shown in 
Figures 106 and JOR The HIP elongations are higher than the as- 
received material ductilities in both cases, and the ductilities 
increase with increasing HIP temperature reaching a maximum at 5000C. 
;, -A 
fall in ductility is recorded when HIPping at 5300C for both 
cases, Figures 106 and 108. 
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9. DISCUSSION 
9.1 AS-RECEIVED SUPRAL 150 
The cold-rolled structure of the as-received (virgin) material 
is shown in Figure 39, and consists of an aluminium7-rich matrix 
containing within it a distribution of CuA12 precipitates of varying 
sizes which are elongated in the rolling direction, and some large 
flakes, -5 Vm in diameterg which were found to be an intimate two- 
phase mixture of aluminium and the metastable ZrAl3 phase (122). The 
as-received structure is also characterised by the appearance of a 
dispersion of small spherical ZrAl3 particles (- 4- 10 nm), (153), 
which are very effective pinners for grain boundaries. The Supral 150 
is also found to contain traces of iron and silicon containing 
impurities (Figures 88c and 88d). 
The presence of copper in the alloy serves primarily to encourage 
recrystallisation and depress recovery by a lowering of the stacking 
fault energy (152), but the fine-grained structure produced in, for 
example, Al - 5Cu alloys (119), is unstable at temperatures above 
4000C. as a large proportion of the copper returns to solution and is 
not available in aiding grain growth restriction. 
Zirconium is added to the alloy to inhibit grain coarsening at 
elevated temperatures. 'It can be uniformly precipitated, but because 
of its low solubility in aluminium, it is necessary to chill the melt 
rapidly in order to retain a high supersaturation of the zirconium 
(121). The volume fraction of zirconium which gives rise to fine- 
scale precipitation is strongly dependent on the solidification rate 
which is slower in the central region of the casting. The proportion 
of large ZrAl3 particles such as those seen in Figure 39, increases 
as the freezing rate decreases, leaving less in solid solution to 
provide for the fine ZrAl3 dispersion used for grain boundary pinning 
(121,152). 
9.1.1 Static RecrystalZisation of Vixýqin SupraZ 150 
Static annealing of the virgin material produces recrystallisation 
and grain growth at temperatures above 4000C. Below this temperatures 
partial recrystallisation of the banded structure occurs, Table 7. 
The recrystallised grain size is seen 
time (Figures 40a and 40b) and with higher 
Figure 40c. Figure 41 and Table 7 show how 
with time at 4500C and 5300C. Re-plotting 
for both the T- and ST- directions clearly 
the-form **- 
in d 
Mki -A 
log t+C 
to increase with annealing 
annealing temperatures, 
the grain size increases 
this data -in log-log form 
illustrates an equation of 
(61) 
The rate of change of grain size in the T- and ST- directions is seen 
to be approximately equal at the two temperatures, although much 
greater growth occurs at the higher temperaturet Figure 42. 
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The grain aspect ratio (AR) IT/STJ is always greater than unity 
at both temperatures, although as the AR suggests, at 5300C the struc- 
ture is becoming more equiaxed. 
The rate of grain growth decreases as the grain size increases, 
Figure 41, and is also implied by the fact that the empirical time 
exponent, A, (in equation 61), is always less than unity (118). The 
values of A from Figure 42 for the 4500C and 5300C plots are 0.40 and 
0.39 respectively, which suggest that the rate of grain growth at 
the two temperatures is similar, for the times studied. Inspection 
of Figure 41 would indicate that the 
- 
rate of recrystallisation and 
growth within the first thirty minutes would be higher at 5300C 
because of the larger grain size indicated after that time. 
Increasing grain size also leads to a decrease in the grain 
boundary area and hence the corresponding decrease in grain boundary 
interfacial energy. As the latter provides the driving force for 
grain growth, larger grains reduce the residual driving force for 
further growth, at a particular temperature (118). In addition to 
this, grain growth in the alloy is also inhibited by the presence of 
second phase particles, probably ZrAl 3 (121,152), as some of the 
copper will have gone back into solution at these temperatures and 
not be available for restricting grain boundary mobility (152). 
The results also show that the grain size attained by the material 
through normal grain growth for the times studied, ' increases as the 
annealing temperature is increased. This arises since generally, the 
grain boundary mobility increases as the temperature increases (118). 
The larger grain sizes observed at 5300C (Figure 41) may also be 
caused because the copper is completely in solution at this tempera- 
ture and not available in any form for restricting grain growth (119, 
121). 
The results in Figure 41 show the stability of the grain size at 
4500C for up to 2 hours, and confirm the observations made by Watts 
et al (122) in their work on the Supral 150. 
The microstructural changes undergone by cold-rolled as-received 
Supral on static annealing are well documented (121,122,159). 
Christodulu (159) shows, through TEM work, how the heavy disloca- 
tion density in virgin Supral changes with increasing temperatureq 
forming subgrains at 3000C. Upon further annealing at 4000C, the 
highly mobile dislocations are impeded (by particles identified by 
Watts (121,122) as spherical ZrAl and fine 0 and 0' precipitatesp 
leading to a suppressing of grain 
goundary 
migration and hence 
recrystallisation. 
Further annealing at 4600C is shown to produce a recrystallised 
grain structure, and also contains regions transformedfrom a uniformly 
dislocated state to a network of polygonised cells '(122). Increasing 
the annealing time at this temperature (for 3 hours) indicates that 
new grains form at the expense of the polygonised regions and appear 
to be produced by the migration of high-angle boundaries through the 
structure (122). The observations are in agreement with the results 
- 70 - 
of hot-stage TEM work, presented in Figures 94a - 94c, which shows the 
production of a recrystallised grain structure at 4600C, in wrought 
Supral 150. 
The dislocation-free grains seen in Figure 94c were produced by 
the movement of high angle boundaries through the material, as the 
temperature was raised. 
9.2 SUPERPLASTICALLY FORMED SUPRAL 150 
The initial role of copper in this alloy is to inhibit recrystall- 
isation up to the superplastic forming temperature for the material. 
During static annealing, the O(CuA'2) and the finer 6' particles can 
act as recrystallisation nuclei for static recrystallisation (153). 
As Figure 48 shows, the grain structure of statically-annealed Supral 
is stable at 4500C for several hours. 
The optimum superplastic forming conditions for SuRral 150 have 
been established as 4600C at a strain-rate of -3x 10-J sec-1 (121, 
122), at which the highest value of m (= 0.5) is recorded. 
Figure 47a shows the fine grain7size achieved by dynamic recry- 
stallistation during the early part of superplastic deformationg up 
to-50% strain (122). The presence of copper serves to reduce the 
high stacking-fault-energy of aluminium, encouraging dynamic 
recrystallisation, in which new grains continually replace wotk- 
hardened ones. The fine grain size is stabilised by the dispersion 
of fine metastable ZrAl 3 and remains even after extensive deformation (122). The importance of copper in making the fnaterial superpl , 
astic 
was confirmed when an alloy of Al - 0.5% Cr (which was processed to 
contain very similar fine scale ZrAl 3 precipitates as in Supral) failed to show any superplastic response (120). 
The dynamically-recrystallised grain size in SPF Supral seems to 
be more stable after a post-forming anneal than statically recrystall- 
ised grain size obtained in wrought Supral (Figures 48 and 41). At 
5300C, for instance, a 15 hours annealing time gives a grain size of 
- 17 Pm for SPF material as compared to -70 Um for the as-received 
Supral. 
This may be due to :- 
(a) The behaviour of copper in tha alloy at higher temperature. 
(b) The differences in recrystallisation during static annealing 
and under superplastlic, deformation. 
Static recrystallisation of the virgin cold-rolled alloy occurs 
at temperatures above 4500C, the copper-containing particles (0,01) 
act as nuclei for static recrystallisation (153). The grain size is 
larger than that produced in SPF material. 
- The SPF grain size is stable at temperatures below 3000C for times 
up to 15 hours. Grain growth in this'material only occurs at 4000C 
after an anneal of 5 hours CFigure 48). The grain size in the virgin 
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material at 5 hours for 4500C, -Figure 41, is over double that of the 
SPF material above. Allowing for the larger initial grain size of 
the wrought materialq the results suggest that the grain size, in the 
SPF alloy has greater stability on annealing than that found in the 
virgin material. 
The results also suggest that copper may be playing a part in 
stabilising the recrystallised grain size, especially in areas 
depleted on fine ZrAl3 precipItates. 
At temperatures above 4000C, a large proportion of the copper is 
known to return into solution (119,121) and at 5300C, all of it is 
in solution and is thus unavailable for grain growth restriction; as 
Figure 48 shows, the grain size of SPF formed Supral increases at 
annealing temperatures above 4000C. 
The knd vs knt plot in Figure 49 shows that grain growth in SPF 
material statically annealed at 4000C and 5300C for various times 
behaves in a similar manner to grain growth in wrought material (at 
450'C and 5300C), following'a relationship of the form given by 
equation 61. 
The growth rate at 5300C (0.149) is slightly higher than at 
4000C (0.118) as expected, but this is not significant. It is a lower 
growth rate than that experienced by the wrought material (Figure 42), 
which at 5300C has a value of 0.4. Higgins (160), has collated the 
variation of A values (taken from equation 61) with temperature from 
16 different metals. The values quoted range from 0.05 to 0.5. 
Generally, the data shows that A tends to 0.5 as the annealing 
temperature is increased (for a given metal) or as the impurity con- 
tent is decreased. 
The high value of A obtained for wrought material in comparison 
to the SPF material may suggest that there are fewer precipitates 
(of suitable size) present in the former for restriction of grain 
growth. 
Figure 50 shows how the grain size of SPF material increases 
with time at temperature, indicating that there is virtuall Z no effect 
of annealing times up to 15 hours at temperatures below 300 C. 
9.3 CAVITATION IN SPF SUPRAL 15G. 
9.3.1 NucZeation 
It is generally accepted that during superplastic deformation, 
incomplete accommodation of grain boundary sliding (GBS) leads to 
stress concentrations at grain-boundary irregularities, triple points 
and/or second phase particles, leading to cavity nucleation (55jl2ý, 
699 73). 
Following nucleation, cavities will grow, by various raechanimnss, 
as described in Chapter 4. 
The causes of cavity nucleation in Supral alloys (and fine 
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particle stabillsed alloys in general) are well documented (61,699 
73,55). 
Sohal(125) has stated that cavitation occurs during superplastic 
deformation in Supral 150 because of ='complete accomodation of GBS, 
leading to stress concentrations at CuAl 2/Al-matrix interfaces. The 
CuAlý particles are also harder than the matrix under the deformation 
conditions leading to their decohesion from the matrix. These well 
bonded particles are approximately four, three and five times as 
hard as the matrix at room temperature, 3000C and 5000C respectively 
(108). 
Metallography indicates that large ZrAl3 precipitates are sites 
for the largest cavities, Figure, 89a. it is unclear from the obser- 
vations whether these cavities were nucleated during the production 
of the wrought sheet or after superplastIc deformation. However, the 
total number of cavities greatly exceeds the total number of large 
ZrAl 3 precipitates. 
In addition to the above effect, the formation of large ZrAl3 
precipitates during casting depletes the Zr in supersaturated solu- 
tion, which in turn effects the homogeneous distribution of fine 
ZrAl3 required for grain size control. 
Cavitation is also seen to be associated with CuA12 particless 
Figures 47e and 47f. It tends to be confined to the central region 
of the sheet, Figure 47, and i's non-uniform in size and distribution. 
The clad layer, Figure 47b, appears to be uniform in thickness, 
cavity free and firmly attached to the matrix. 0 
9.3.2 Cavity Growth 
There are many cavity growth analyses that can be used to fit 
the behaviour of cavitation in this alloy, see Section 4.2.2. 
Generally, cavity growth can be assisted by either diffusion or 
deformation-controlled mechanisms, or by a combination of both (29, 
300 39,77,125,128s 133,161), depending on the cavity size. 
In the present investigation, density measurements show the 
increase on cavitation with increasing thickness strain in the top 
hats, Figure 43a. These results were replotted using the analysis 
developed by Stowell (69) (given in equation 18), for plasticity- 
controlled growth of cavities, where 
eme Ln (ne) 
where ý0 is the level of cavitation at zero strain and n is a parameter 
which usually has a value in the range 2 to 3, but is dependent on the 
alloy, and on strain-rates temperature and grain size. 
The logarithmic cavity percentage volume against natural strain 
gl. Ves a, linear relationship, as would he expected from theorYt Figure 
98. Ridley (113) and Stowell (161) have both tested this model and 
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obtained good agreement hetween calculated and experimentally obtained 
results, despite simplified assumptions, i. e. that all voids are of 
the same initial size; they all pre-exist at zero strain and no 
nucleation occurs during deformation. 
In the present workq the zero strain (or virgin) material is 
assumed to be cavity-free, thus the line in Figure 98 should emanate 
from zero cavity volume. The origin of the plot in fact corresponds 
to ý, = 0.11% volume, which may suggest the existence of cavitation 
in te virgin material. In thismodel, the value of 00 depends on 
how many of the pre-existing cavities are stable under SPF conditions% 
as following Hancock (130) voids with a' critical radius, rc > 3y/2a 
where y is the surface energy, would grow under the action of an 
applied stress, whilst cavities smaller than this radius would shrink. 
It is difficult to validate completely the Stowell model (and the 
others presented'in the literature, Section 4.2.2), especially at 
low strains, because of the difficulty in precisely detecting and 
measuring the extent of the cavitation. 
The model can,, however, be used to compare the cavitation data 
for different material. The values of 0. can give an indication of 
the initial levels of cavitation in the material at zero strain. 
Ridley et al (113) have used the Stowell model and found varying 
values of 0 for microduplex a-0 nickellsilver alloys and conclude 
that the voYume of pre-existing voids is different, possibly due to 
the purity*of the material or to different thermomechanical treat- 
ments. 
Despite the fact that some of the assumptions used in construc- 
ting the model are oversimplified, much data can be fitted to the 
Stowell model (133). 
9.3.3 Variation of Cavitation in SPF 'Top Hatst 
Figure 43a shows the increase in cavitation with increasing 
thickness strain in a SPF Supral 150 'top hat' supplied by Superfom 
Metals Ltd. The numbers represent equal-sized specimens that were 
cut from the hat, and had their density measured. 
Figure 45 shows the non-uniformity of the cavitation in a'disc 
cut from a top hat. The cavitation is seen to vary between 3.0% and 
1.8% in the same disc, as Figure 46 confirms, which shows how the 
densities (and hence cavitation) of the coupons vary with location 
in the disc. 
It *as for this reason that for the HIP tests, top hats were 
cut into equal sized specimens, which were each labelled, and had their 
initial density recorded, and then classified into three categories. 
For each HIP test, one coupon was used from each category. 
The reproducibility of the density measurement technique is given 
in Figure 51, and shows the variation in density of the same coupons 
of virgin and SPF cavitated over 25 readings is 0.21% and 0.17% 
respectively. Each reading represents five density determinations. 
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This accuracy was considered sufficient for the present set of 
experiments. 
9.3.4 Activation Enezýqieq Associated with thi 
50 
SPF coupons of Supral 150 containing similar levels of initial 
cavitation (- 3%), were statically annealed at different tempera- 
tures for up to 15 hours and were found to increase in density due 
to cavities closing under the action of surface tension forces. 
Figure 52 shows density increasing continuously with time at 
temperatures above 4000C, but the sintering rate drops off very 
rapidly, after the first hour. 
Increasing the temperature of anneal causes the sintering rate 
to increase, but even at the highest temperature (5300C), complete 
densification does not occur; the density change is only 1.5%. 
The sintering rates are seen to increase with temperature 
Figure 54, going from 5.4 x 10-9 s-1 at 3000C to 6.4 x 10-8 s-i at 
4500C for the same sintering time. Substituting the sintering rates 
in the equation of Beere and Greenwood (39) 
RT 1T2 
In 
T1S1 
(T 1-T 2) 22 
(62) 
where Q is the activation energy f 
to be rate controlling, R the gas 
ture, S the sintering rate and the 
sets of conditions, the activation 
morl. 
or the diffusion process assumed 
constant, T the absolute tempera- 
suffixes 1 and 2 refer to the two 
energy is found to be 61.93 Ki 
The activation energy for latlicp'-self-diffusion in pure 
alUMinium is quoted as 141 KJ mol- (158). Unfortunatelyo the 
situation with regard to grain-boundary self diffusion in aluminium 
is not as well defined and no reported activation energy exists. 
Mukherjee (106) and Sohal (125) suggest the adoption of a value 
approximately half the lattice diffusion activation energy, i. e. 
around 70.5 KJ mol- . Following this suggestion, the rate-controlling 
-process for the sintering of cavities in this alloy has an activation 
energy close to that of grain boundary diffusion, which would be 
expected as most of the cavitation is located on grain boundariasp 
Figure 44. 
A similar conclusion was reached by Beere and Greenwood (39), 
who found that creep cavities situated on grain boundaries closed 
by a grain-boundary diffusion mechanism during sintering. 
9.4 EFFECT OF HOT ISOSTATIC PRESSING ON SPF CAVITATION 
Figures 55 to 64 show the effect of pressure sintering on cavity 
closure in the material, under a set HIP time of thirty minutes for 
different combinations-of pressure and temperature. 
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Th-e figures show the original cavitation levels and the post-HIP 
levels as indicated by density measurements. Also plotted against 
each figure is the change in the cavitation levels experienced by the 
specimens after undergoing various HIP treatments. 
Figure 55 indicate"s that (for specimens containing an initial 
cavitation level of - 3%, (Region A))j a HIP pressure of 7 HPa has no 
effect on the extent of cavity closure below temperatures of 3500C, for 
a thirty minute HIP period, a result which is similar to that expected 
when annealing at atmospheric pressure for the same temperatures, 
Figure 52. 
The rate of sintering increases'with temperatures above 3500C, 
Figure 55a, (for a pressure of 7 MPa), although the material does not 
return to virgin material density (or better) until a temperature of 
4500C is reachedT 
Comparing the density changes for pressureless sintering (Figure 
52 and 55a) in specimens of similar initial densities, with those for 
, pressure sintered specimens , clearly shows that the 
latter process 
enhances cavity closure, for example at 4000C and 4500C, a thirty- 
minute anneal at atmospheric pressure gives density changes of - 0.08% 
and - 0.36% respectively, compared to - 1.75% and - 3% for the same 
temperatures with a HIP pressure of 7 NPa, Figure 55. 
There is also a difference in the sintering behaviour of material 
containing a 'lower level of initial cavitation than above# (material 
fromýRegion C). Figures 60 and 60a show how complete cavity closure 
only occurs above 4500C at 7 MPa pressureý lower temperatures having 
no effect on the cavitation present in the material. 
This may suggest either that cavities below a certain size which 
may be present in greater numbers in material from region A are 
sintered to closure at HIP temperatures above 3500C, Figures 55 and 
5' 5a, producing the increases in density described above, or larger 
cavities present in this7 material (initial cavitation level - 3%) 
decrease in size due to diffusional processes, which are seen to be 
enhanced by the external pressure. 
The cavities present in material from Region C, Figures 60 and 
60a, seem not to be altered by the diffusional processes. Complete 
cavity closure occurs at 4500C for a7 MPa. pressure, in both cases* 
suggesting closure occurs under these conditions by plastic flow. 
Raising the HIP pressure to 14 MPa, the results show that 
diffusional processes are enhanced in specimens taken from both 
Regions A and C, (Figures 56 and 56a and 61 and 61a respectively), 
when, compared to those HIPped at 7 MPa. The increases in density of 
specimens at temperatures above 3250C are all greater than those 
HIPped at 7 Wa. Complete densification is seen to occur at 4000C. 
Increasing the pressure again to 21 MPa, for the same temperature 
and time, Figures 57,57a and Figures 62 and 62a, indicates that for 
the two initial cavity levels, a temperature of 3750C has to be 
exceeded to close cavitation. It is difficult to say whether the 
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cavity closure mechanism is due to the increased(pressure enhanced) 
diffusion processes as seen when HIPping at 14 MPa, or because the 
flow stress of the material has been exceeded by the external pressure 
at the temperature (3750c) of HIP. 
At HIP pressures of 28 HPa and 35 HPa, the material is shown to 
return to virgin material density (or better) at temperatures of 
3500C and 3300C, regardless of the varying levels of initial 
cavitation, (Figures 58,59,63 and 64), present in the alloy. 
Figures 65 and 67 show the composition of the HIP graphs given in 
Figures 55 - 64, and Figure 66 shows the composite HIP graph for 
material with an initial cavitation level of - 2.0% (Region B). 
They all confirm that the rate of davity sintering increases with 
higher temperatures and with higher HIP pressures, as indicated by 
the increases in the slope of the density versus temperature curves. 
The graphs also suggest that complete cavity closure closure may 
result because the flow stress of the material is exceeded by the 
external pressure. 
If the temperature and pressure combinations which return the 
cavitated material to virgin material density (or better) are taken 
from Figures 65,66 and 67, and their average values plotted, the 
resulting plot given in Figure 68 shows the combinations of pressure 
and temperature which will return cavitated material to virgin material 
density regardless of the initial level of cavitation present, for a 
thirty minute HIP period. 
Bricknell and Bentley (158) show how the flow stress of Supral 
100 varies with temperature and strain-rate during uniaxial tensile 
deformation. Their results are shown"in Figure 69, along with the 
external HIP pressure/temperature plot taken from Figure 68. Assuming 
that the flow stress of the material is exceeded at each pressure/ 
temperature combination which leads to virgin material density, and 
cavity closure is predominantly by a plastic yielding mechanism (and 
there is no gas in the cavities), then from Figure 69, the strain- 
rate at which cavities close under the experimental conditions for 
this investigation is approximately 5x 10-4 sec-1. 
It may also be possible, from the above results, to obtain a 
value for the activation energy associated with the plastic flow of 
the material to determine the deformation mechanism. 
9.4.1 Activation Enerýqy Associated with FZow Durina HIP 
A value for the activation energy associated with the flow of the 
material during HIP can be obtained from the results in Figure 68, 
assuming that the external pressures which lead to hole closure are 
equal to or greater than, the flow stress of the material, and that 
the material flows at a constant strain-rate. 
The ability to define an activation energy depends on the deforma- tion following an empirical equation of the form :- 
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KC exp (q ) RT (63) 
Fhere a is the flow stress, 6 the strain rate, m, the strain-rate 
sensitivity, R, the gas constant, T the absolute temperature and Q the 
activation energy. 
The activation energy at constant k was obtained by plotting 
tn (stress) against l/T (from the resu t in Figure 68) and the linear 
plot obtained is shown in Figure 70. The gradient of this plot gives 
a value for the activation energy, found to be 53.54 KJ mol- . 
Padmanahban and Davies (72) have shown that the activation energies 
derived at constant stress and constant strain-rate will be 
different and suggest that the discrepancies in the literature , where 
both lattice and grain boundary control have been reported, was due 
to a failure to distinguish between them. They showed that 
Qa - Qý (64) 
and as m-0.5, which is usually also the measured ratio of grain 
boundary to lattice diffusion energies, such an argument is appealing. 
However, this factor cannot account for all the published data, and 
the question remains unresolved. 
They also suggest that the true activation energy can be identified 
with that measured at constant stress, (Qa). 
Brick ell and Bentley (158) found an activat*on energy (Q. ) of 
48 KJ mol-Y for a constant strain-rate of 1x 10 -4 sec-1 and aC corres- 
p- onding, Q. of 146 KJ mol-l for superplastic flow in Supral 100. The 
ratio of the two (m - Q. /Q. ) was found to be - 0.36; the value of m 
was confirmed by step-cfiange rate tests, The value of Q (146 Y-J 
mol-1) was close to that reported for bulk diffusion (141 KJ mol-1) in 
the literature (158). 
In the present investigation, the experimental results indicate 
cavity closure Pacurs by plastic flow of the material. Assuming that 
the external pressure (at each temperature) which causes a return to 
virgin material density is equal to or greater than the flow stress of 
, 
the material, then a plot of kna vs I/T would yield an activation energy 
(Q, ) for the flow process, Figure 70, which occurs during cavity 
closure. 
The magnitude of Q. obtained from Figure 70 is 53.54 KJ mol-13, 
which is close to the value of Q6 obtained by Bricknell and Bentley 
(158) (48 KJ mol-1), who conclude that the activation energy obtained 
under these deformation conditions (t -1x 10-4 sec-1) is that 
expected for lattice diffusion. This observation suggests that the 
activation energy associated with cavity closure by plastic flow during 
HIP is similar to that expected for lattice diffusion. 
Experimental evaluation of activation energies for flow is a 
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topic of controversy and for the same system depending on composition, 
stress and temperature, the activation energy can be' of the order of 
either lattice diffusion or grain boundary diffusion (72,158). For 
instance, the activation energy, . QC, during superplastic deformation 
in regions II and III for the 4300C to 4900C range studied in Supral 
100 (158), corresponds to that expected for boundary diffusion, 
rising in region I to that measured for bulk diffusion. 
It is apparent from the review of this phenomenon given by 
Padmanabhan and Davies (72) that when comparing activation energies, 
it is important to be aware of the experimental conditions and 
methods involved in its determination, 
9.5 MECHANISMS OF HOT ISOSTATIC PRESSING 
There are a host of theories present in the literature which can 
be used to explain pore removal by pressure sintering, section 5.3. 
In the present investigation, the level of cavitation in the material, 
and the imposed experimental conditions used to eliminate this, 
suggest that material flow mechanisms, and as the specimen densifies, 
diffusional mechanisms, are responsible for densification. 
9.5.1 Densification by Plastic PZow 
The results in section 9.3.4 indicate 
' 
that during pressureless 
sintering, cavity closure occurs predominantly by a grain boundary 
diffusion process, which is observed experimentally to be enhanced 
by the imposition of pressure. However, complete cavity closure only 
occurs when the external pressure is greater than the published values 
of the flow stress given for Supral 100, at the HIP temperature and 
strain-rate, suggesting that closure is by plastic flow of the material. 
In this section, an attempt is made to compare the experimental 
results with the model for plastic yielding of Ashby et al (135,136) 
reviewed in section 5.3.3. 
, Figure 
99 shows how HIPping at various combinations of pressure 
and temperattýre for 30 minutes affect SPF cavities in Supral 150 
specimens with the same initial level of cavitation, as measured by the 
density method. 
.1 
The values of the density (p) attained by these specimens under 
the corresponding conditions of HIP can be plotted (see section 5.3.3) 
in terms of the empirical relationship proposed by Heckel (143) :- 
9. n k 
Pe 
+k 1ay2 
0. 
which provides a convenient framework in which experiment and theory 
can be compared. The model for plastic yielding given by Ashby (135) 
is :- 
2 
5 cy P 
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where Pp-P. + 
2ys 
3e3. z 
P3- external pressure, Pi = internal gas pressure (assumed to be 
zero); ys = surface energy, z- pQre radius; ay is the flow stress, 
PO is the virgin material density (2.8060 gem ) and Kl and K2 are 
constants. 
The values of external pressure and density (p) can be obtained 
from Figure 99. The flow stress (a ) of the material at the HIP 
temperature is found by extrapolatiýg the flow stress versus tempera- 
tUre data for Supral 100 (fTom the work of Bricknell and Bentley (158) 
at a strain rate of 1x 10' sec-1. This data is plotted in Figure 
100. 
The plots of Zn (1/1 - (P/po)) versus the normalised pressure 
(Pelcr ) for the different HIP temperatures are given in Figure 101, 
alongyýith the plot given by Ashby's model (135) for plastic yielding. 
It is assumed that complete cavity closure occurs when the density 
of the specimen (P) is equal to that of the virgin material (po). 
In the analyses used above, as p -ý- po then 
WI-1 
(R-) 
-* w 
PO 
which is indicated on Figure 101 as the specimens reach virgin material 
density. The results also show that at 3000C, there is virtually no 
material flow regardless of the pressure (in the range tested), whereas 
at 4500C, complete closure has occurred at 7 NPa. 
The value of the normalised pressure (Pe/a ) needed to close 
cavitation is seen to increase with falling temýeratures Figure 102 
shows how at 4500C, to achieve cavity closure, the external pressure 
needs to be twice the flow stress of the material at that temperature 
and strain-rateg yet at 3500C, the same process required the external 
pressure to be eight times as high as the flow stress. A possible 
explanation for this effect may be that any gases present in the 
material are more mobile at the higher temperatures, leading to lower 
internal gas pressures in the cavities. 
, 
It seems from the results that the simplified theory of Ashby et 
al (135) does not completely account for the experimental data. The 
analysis does, however, show the contribution of material flow during 
pore closure in Supral 150. 
"' 
Under the conditions of HIP which close porosity, densification 
of the alloy may also be aided by creep processes (such as temperature 
dependent dislocation, creep), although further work is needed to 
confirm this for, the present system. 
,_ 
Wilkinson and Ashby (137) have developed models to account for 
power law creep (see section 5.3.5) during pressure sintering, Yet 
critical tests of the theories have been hindered by the lack of both 
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4. 
experimental and accurate materials data, 
A great deal of the work in determining the dominant mechanisms 
during HIP has been undertaken by Ashby et al (135,136,137,142) 
who have produced pressure sintering diagrams for the densification of 
a variety of powder metals. 
Generally, their results show the complexity of pressure sinter- 
ing, for example, in consolidating silver powder, at a single tempera- 
ture, any one of five different mechanisms can control the rate of 
sintering, depending on the applied pressure and density. A typical 
diagram is shown in Figure 26, for the consolidation of tool steel 
from powder. It is clear that hole closure occurs initially by plastic 
yielding under the high external pressures, followed by the time 
dependent process of power-law creep, where the material flow rate is 
dependent on some exponent of the pressure. As final density is 
approached (< 1% cavitation), complete densification occurs, with 
diffusional processes predominating. This mechanism is also operative 
under pressureless sintering, but under HIP conditions its value is 
accelerated from a value determined by 2(y/r) to a much more rapid 
rate of 2(y/r) + PH, where PH is the external pressure, y the surface 
energy and r the pore radius. 
9.5.2 Densification by DiffusionaZ Processes 
The results in Figure 71 show the density change encountered in 
cavitated specimens (with an initial cavity level of 3%) when 
subjected to a HIP pressure of 28 MPa for various times at two differ- 
ent HIP temperatures. (3500C and 45000- 
% The rate of cavity closure is seen to be greater at 4500C than 
at 3600C, the values being 7.833 x 10-5 sec-1 and 2.042 x 10-5 sec-1 
respectively at a fixed sintering time. 
A value for the activation energy, Q, associated with this 
process, is obtained by using the equation suggested by Beere and 
Greenwood (39) 
Q 
RT 1T2 kn (T1S1 82 TT-1 -T2)T2s2 
(62) 
where S, and 0S 
are the two sintering rates'at temperatures T, (4500C) 
and T2 360 Cý. I 
The activation energy is found to be 62.42 KJ mol-1, which is very 
close to that observedfor grain boundary diffusion in aluminium 
(71 KJ mol-1) (106,125), suggesting that final densification is also 
, aided by diffusional processes along grain boundary paths. 
9.5.3 Sinterinq of Grain Boundary Cavitation 
Although various analyses are present to describe the sintering 
characteristics of powder compacts (6,38,39,52), and casting 
porosity, they fail to represent fully the distinct type of cavitation 
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present in SPF materials, which consists of, cavities with a range 
of different sizes and morphology, found frequently on grain boundar- 
ies, Figure 44.1. .- 
This situation is similar to the creep cavitation found in poly- 
crystalline materials (38,39). The diffusional growth of such 
cavities has been described by Hull and Riumer (129), and Ashby (135) 
has modified this equation and applied it to cavity shrinkage (see 
Section 5.4.1), showing that the rate at which a spherical cavity, 
situated on a grain boundary sinters, is given by :- 
dr Db6Q r. 31{, I 
- -{! 
I 
-p C+ _p 
} (42) Tt ý 
4r 2 kT rekn (2- 
-E) -I r 
Integration of equatiOn 42 leads to the change of cavity size with 
sintering time. 
The above equation is also readily evaluated by applying 
Simpsons rule, and a computer programme (Appendix A) was utilised to 
show how the cavity size is expected to decrease with sintering time 
for this alloy under a HIP pressure of 28 HPa at two, different 
temperatures of 4500C and 3600C in an attempt to compare with the 
experimental results shown in Figure 71, for densification of this 
material under these conditions. 
Taking 
1 
typical values f2r aluminium as Q-1.21 x 10-25mý 0' 
6-5x 10- 0 m, y=0.55im- 9k-1.35 x 10-23 JK7 and an applied 
pressure, P. of 28 MPa. 
Assuming that there are no gases in the cavities (i. e Pi -_O)l 
at and taking the boundary diffusion coeff 2r 
-22r, 
I cients- as 6.18 x 1; - , q2 s- 4500C & . 7.. 04xlo asý-Jt 
3600C, then for an initial cavity radius 
of 40 Um with a spacing of 100 pm, the time for cavity closure at the 
two temperatures is shown in Figure 103. The time taken for the 
radius to fall to zero at the two temperatures is similar to the 
time shown in Figure 71 , for cavitation (as measured by density 
values) to be eliminated. These results have to be viewed with 
caution, as the times for cavity closure predicted by Ashby's equation 
are extremely sensitive to the values of initial cavity radius and 
spacing, and Figurel04 shows that adjusting these produces large 
changes in the times needed for sintering. 
More work has to be done in characterising the cavityýtsize,, dis- 
tribution and separation in the material, before any conclusions'can 
be drawn from the data. The effect of internal gas pressure has also 
been ignored; Beere and Greenwood (39) suggest creep cavities in 
copper contain a pressure of up to 10 NPa developed by diffusion of 
gas along grain boundaries and bulk diffusion of interstitial gas 
atoms, although they show that complete pressure sintering does occur 
because of gas diffusion away from the cavity. However, the problem is complicated and is another'area for possible further work. 
There 2. s a considerable amount of data to support the diffusional 
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sintering mechanism for cavities in a range of materials. 
Walker and Evans (162) have shown the'sintering of grain bound- 
ary creep cavities occurred with an activation energy'equal to that 
for grain boundary diffusion. Beere and Greenwood (39), working on 
cr*eep cavitation in copper and magnesium, and Stevens and Flewitt 
(38), investigating a Nickel-Chromium alloy, have all looked at the 
contribution of hydrostatic pressure on sintering of cavities in 
these materials and conclude that the decrease in sintering rate with 
time and the increase in rate with higher hydrostatic pressures were 
consistent with a model of cavity closure by grain boundary diffus- 
ion. 
The activation energies calculated in the present work on SPF 
cavitation in the Supral alloy indicate that the mechanism for 
cavity sintering occurs by a grain boundary diffusion process at both 
atmospheric and higher external pressures. 
Increasing the pressure and temperature also brings into opera- 
tion processes (such as material flow) which have a higher activation 
energy, as discussed in Section 9.4.1. 
9.5.4 Effect of Heat-Treatments 
As discussed earlier, components formed from Supral 150 are 
solution-treated and aged to give them peak mechanical properties. 
Solution-treating at 5300C reduces the level of cavitation by a 
sintering process as depicted in Figure 73. The cavities on solution- 
treatment also take on a more rounded appearance, indicative of 
sintering by diffusive mechanisms, Figure 78, confirming the earlier 
results for the annealing of Supral 150 in Section 9.3.4. 
Another effect of the heat-treatment is the production of surface 
blistering (34,58,59), which was sometimes observed in the Supral 
150; recent work by Daly (163) on Supral 220 showed extensive surface 
blistering : the problem being heightened at the solution-treatment 
temperature. 
There is much evidence in the literature to connect blistering 
with the evolution of gases, particularly hydrogen from metals (60), 
during heat-treatment. In aluminium and its alloys the occurrence of 
blistering due to hydrogen has been reported in both the cast and 
wrought states (34,58,59,60,61,123). 
Hess and Turnbull (58) and Talbot and Granger (147) suggest that 
the major part of the hydrogen is introduced into the metal during 
casting and emphasize the need for good in-line degassing procedures 
to reduce this. They also point out that at the solidification temp- 
erature, the solubility of hydrogen in the liquid to that in the 
solid is - 20 : 1, providing the driving force for the gas to come 
out of solution. Its presence in the voids inhibits complete healing 
on subsequent working leading to the appearance of defects such as blistering during solution treatment. 
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in the present investigation, the Supral 150 used blistered 
during solution-treatment, 
A further indication of the presence of gas in this alloy was 
given when SPF material, originally containing around 3% cavitation 
which had been HIPped to give complete cavity closure, showed on 
average, the reappearance of - 0.5% cavitation, Figure 76, on 
solution-treatment. The average cavity size is smaller and appears 
more rounded than SPF cavitation. Its distribution is also more 
uniform when viewed along an edge section, unlike SPF cavitation 
which shows larger cavities in the centre. 
Quantimet Image Analysis results on edge sections of as formed 
(AF), AF and T6. and AF, HIPped and T6 specimens shown in Figures 
83,84 and 85, confirm the results of the optical metallography, 
although many more sections would need to be looked at to provide an 
accurate measure of the volume of cavitation. Specimens of wrought 
Supral 150, taken from the flange region of several top hats, were 
sent for hydrogen analysis by the vacuum extraction method (164); 
the results given in Table 9 show up to 0.86 ppm of hydrogen present. 
Talbot (60,147), has stated that aluminium sheet with hydrogen 
levels greater than 0.2 ppm is prone to blistering during heat treat- 
ments. 
Hess and Turnbull (58), found that annealing an aluminium alloy 
containing different levels of hydrogen at 5250C, produced severe 
blistering for specimens with levels greater than 0.29 ppm. The 
extent of blistering was seen also to increase with the thickness of 
the sheet, and they suggest that during annealing the diffusing hydro- 
gen atoms are more likely to escape from the surface of the thinner 
material than to combine to form molecular hydrogen and hence cause 
blistering. They also observed less blistering (for all the thick- 
nesses investigated) as the hydro4en content decreased. 
In the present investigation, the results suggest that hydrogen 
is the cause of cavity reappearance on solution-treating the alloy 
after HIPping. The effect of increasing the HIPping temperature (for 
the same pressure and time), Figure 74, shows that less cavitation 
reappears on a post-HIP heat treatment. This may be because at the 
higher HIP temperatures, the increased rate of diffusional processes 
may be providing far better cavity sealing, or because the increased 
mobility of the hydrogen in the material makes it less likely to form 
molecular hydrogen in the cavities, thus eliminating the effect that internal gas pressure has on preventing cavity sealing. 
Increasing the HIPping time to 10 hours for HIP conditions of 3600C, 28 MPa, Figure 779 shows a slight improvement in cavity seal- ing at the higher times as indicated by a lower drop in the density 
after a post-HIP heat treatment. 
So far, 'it has been assumed that hydrogen is present in Supral 150 as a consequence of the casting and rolling schedules involved in producing the sheet material (60,147), see Section 6.2.2. Work 
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by Eborall and Ransley (61) and Swain (62) has shown that Al - Mg 
alloys readily absorb hydrogen from water vapour at temperatures, 
betwedn'4000C - 500OC; this absorption is inhibited by the addition 
of slightly volatile fluorides which act by forming a protective 
film, leading to a decrease in the tendency of the alloy to blister 
during heat treatment, especially in industrial furnaces where hydro- 
gen absorption is catalysed by the presence of sulphur. 
If the hydrogen level'in SPF Supral specimens is reduced (by 
vacuum degassing under conditions that are used for hydrogen analysis 
in the vacuum extraction test (164)), and the material HIPped under 
28 MPa for j hour at three temperatures (4500C, 5000C and 5300C), 
cavity closure occurs, Figure 75. Subsequent heat-treatment shows 
that the greatest fall in the density occurs at the lower HIP 
temperature (4500C); at 5000C and 5300C, there is virtually no 
change. Nevertheless, the extent of cavity reappearance on SHT is 
less for vacuum degassed specimens than for the as-received SPF alloy, 
Figure 74. 
9.5.5 Effect of HIP and Heat-Treatment on Cavity MorphoZogy 
Figure 78 shows the nature of cavitation in SPF Supral 150 after 
the T6 treatment. It differs from SPF cavitation in the fact that 
the cavities have changed from a craggy morphology to a more spherical, 
shape. 
Heat-treating vacuum degassed (5000C, 10-6 torr, 1 hour) material 
produces a similar effect on the cavitation as described above; a 
comparison of the edge sections, Figures 78 and 81, and density 
measurements, Tables 13 and 14, indicate that vacuum degassed material, 
in general, attains a slightly higher density on solution-heat 
treatment, when compared to non-degassed specimens of similar initial 
cavity levels. This suggests that hydrogen out-gassing during SHT 
may be causing pore enlargement. 
Bampton et al (34) have seen a similar effect in heating experi- 
ments with the 7475 alloy. They found that at temperatures above 
5000C, for times of one hour (or more), out-gas'sing of hydrogen 
trapped in the material (from the casting stage) occurred, producing 
internal pores and/or surface blisters, but longer times at tempera- 
ture eventually lead to pore shrinkage. They also found some evid- 
ence of internal gas pores forming preferentially at inclusions. 
Earlier results have shown that increasing the HIP temperature 
(for a given time and pressure) or vacuum degassing the materialq 
before HIPping (Figures 74 and 75), show the reappearance of a 
smaller amount of porosity on heat-treatment. 
Figure 
. 
82 shows these pores (- 2- 4pm in size) are evenly 
distributed throughout the specimen. 
Talbot and Granger (147) have observed similar sized pores. on 
heating aluminium alloys, and describe them as "secondary porosity 
which may be present at low hydrogen'content, < 0.15ppm, as distinct 
from the larger porosity caused at higher gas concentrations. They 
0 
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suggest that this porosity is nucleated immediately after solidifica- 
tion, on imperfections or minute inclusions, and persists through 
both hot and cold working. The gas is regenerated by heating the 
worked metal. 
Rooy (47) has concluded that casting porosity in aluminium is 
eliminated at high temperatures and pressures (5000C. 100 Hra), by the 
plastic collapse of the voids, aided by the tendency of any hydrogen 
to go back into solution, as its solubility (which is related to the 
square root of the pressure) increases with pressure and temperature 
(147). They also observe , however, that subsequent heat treatments 
result in hydrogen diffusion to inclusions or lattice discontinuities, 
where porosity is observed to reappear, although they fail to charac- 
terise its shape, size and distribution. Similar obsdrvations are 
made in the present work, where cavity closure occurred in specimens 
which were HIPped (by HIP-Metals, Chesterfield) at 5050C, 100 Mpa 
for 3 hours. Subsequent heat treatment resulted in no appreciable 
fall in density, Table 27, but as Figure 80 shows, there is a 
reappearance of the fine secondary porosity discussed earlier. 
Optical hot stage microscopy results, Figures 95 - 97, failed to 
determine conclusively whether precipitates and inclusions were sites 
for the reappearance of porosity during heat treatment. 
These results did indicate, however, that hydrogen escape from 
the material occurs by a different mechanism at atmospheric pressure 
than under a vacuum; as Figure 95 indicates, thirty minutes at 5300C 
under 10-3 torr produces virtually no difference in the surface of the 
specimen, yet the same time at atmospheric pressure (under high purity 
argon) produces increasing levels of porosity with time. 
It is suggested that in the presence of a vacuum, there is a 
sufficient driving force for hydrogen atom diffusion out of the metal. 
Under atmospheric pressure, this force is insufficient and these atoms 
migrate to lattice discontinuities (such as precipitates and inclus- 
ions), form molecular hydrogen, and this expands under an increasing 
temperature, causing porosity. 
9.5.6 Effect on Grain Size 
Figures 47d, 72b, 86 and 87 give examples of the range of grain 
sizes formed after various heat treatments. For instance, Figure 87b 
shows grain sizes ranging from 157 pm to 9.8 pm. 
This form of abnormal grain growth has been reviewed by Cotterill 
and Mould (118), who give examples of its existence in a range of 
metals and alloys. Generally, 
(a) Abnormal grain growth will only begin-at the completion of the 
normal growth process. Large grains are not freshly nucleated, 
but particular grains of the initial structure which have 
enlarged. 
(b) Abnormal grain growth-Increases with time and temperature as 
normal growth discussed in Section 9A. l. 
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(C) In alloys where grain growth-is inhibited by dispersions of 
second phase particles', an increase in temperature, which affects 
this dispersion, can lead to the onset of abnormal grain growth. 
Examples of metals in which particle-induced grain growth has 
been reported include steels, iron-silicon alloys (associated 
with dispersions of silica, manganese sulphide and aluminium 
nitride) and alumi'nium alloys (with particles containing copper$ 
iron and manganese), all of which are reviewed in reference 118. 
From the work by Ahlborn (119) on the Al-6Cu alloyst it is 
evident that grain coarsening occurs in the material because of 
the dissolution of the restraining 6 and 01 particles in the 
3500c - 5000C temperature range, 
The Supral 150 essentially retains its small grain size due to 
the fine dispersion of ZrAl particles, although Watts et al (121, 
122) suggest that in areas 
ienuded 
of the ZrAl 3' 0 and 0' particles 
of critical size may aid in grain growth restriction. Dissolution of 
these particles at higher temperature may free grain boundaries, 
leading to abnormal grain growth. 
In the present results, abnormal growth is seen to occur either 
under high temperatures ( 500 - 5300C for up to 2 hours), Figures 
86 and 87, or at lower temperatures, 4500C, but appreciably longer 
times (greater than 15 hours), Figure 47c. To ascertain whether-this 
behaviour was due to the inhomogeneous distribution of precipitates, 
particularly ZrAl3P in the alloy, distribution maps (Figure 88a - 88d)q 
using the wavelength dispersive facilities on the SEM, were produced 
and show clearly the distributions of copper, iron and traces of 
silicon in a formed and heat treated specimen, but the results for 
zirconium are not as conclusive. 
Energy dispersive facilities on the SEM, used at higher magnif- 
ications, also failed to show conclusively the distribution of the 
fine ZrA13 in the fine grained AF material, Figures 89 and 89al 
although the coarse ZrA13 particle is identified. 
Further use of wavelength dispersive facilities at higher magnif- 
ication on a material containing a range of grain sizes, (Figures 90 
and 91) failed'to show any correlation between the distribution of 
fine ZrAl3 particles and the abnormal grain growth. Spot analysis 
across the section, Figure 91 and 92 , for zirconium, indicates an 
even distribution with none present in the cladding. It has been 
suggested that the high beam current needed in order to detect the 
fine ZrA13 particles produces excessive background levels which may 
mask detection of the zirconium. 
In surnmaryp the results fail to determine whether inhOmOgeneous 
distribution of the fine ZrAl3 is responsible for the abnormal 
grain growth. Yet, comparing the characteristics of this alloy with 
the results of Ahlborn (119) and Watts (121,122) discussed earlier, 
suggests that there may be regions in which ZrAl 3 
is not available 
for grain boundary pinning; in these, the homogeneously distributed 
e and 0' precipitates end in restricting growth, yet their dissolu- 
tion occurs at higher temperatures leading to abnormal growth in 
particular grains. 
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9.6 EFFECT OF 'H. TP' ON MECHANICAL PROPERTIES OF SUPR4L 
Room temperature tensile tests were employed to see the effect 
of various HIP and heat treatments on the mechanical properties of 
Supral 150. 
9.6.1 Effect of HIP and Heat Treatment on Ductititm - 
The, ductility of the as-received (AR) material rises from 9.4% 
(Table 10) to 12.8% on solution treatment (ST) and falls again to 
9.1% on ageing (T6), indicating the importance of cavities formed 
around CuAl2 precipitates on the ductility in the material during 
ambient temperature deformation. 
The increase in ductility on solution treatment may be because 
the high temperature causes a fall in the cavity levels, due to sinter- 
ing effects, and also puts all the copper in solution and thus it is 
not available for the 6 and el precipitate formation, which is 
frequently associated with sites for cavity initiation and growth 
during deformation. The ageing process precipitates the e and 0', 
leading to the fall in ductility and increase in 0.2% PS and UTS 
values observed in Table 13. 
HIPping the AR material under various conditions (Tables 14,15 
and 16), raises the ductility, but as expected, has no appreciable 
effect on the 0.2% PS and UTS values. 
Solution treating (ST), Table 17, 'and ST and ageing (T6)q Table 
18, AR material which has been HIPped (at 28 HPa,, 4500C,, I hr),, 
Table 16, produces increases in the 0.2% PS and UTS values; solution 
treatment renders an elongation of 15% which falls to 12.4% on the T6 
treatment. 
Raising the HIP temperature to 5000C, Table 23, followed by the 
T6 treatmentl increases the ductility again to 14.2%, although it is 
seen to fall if the HIP temperature is raised again to 530OCt Table 
25. This reduction in ductility may be due to excessive grain growth 
in the material at the higher temperature. 
The discussion has so far used the average values of the 
mechanical properties. 
Figure 105 shows the effect of both HIP and heat treatments on 
ductility and whether the initial levels of cavitation influence the 
elongation percent even after the HIP and heat treatments. The 
ductIlity is influenced by the initial levels of cavitation for'AR 
and AR + T6 material, higher initial densities leading to greater 
ductilities. 
HIPping the material(for 281IPaihr)at 4500C, followed by the T6 
treatment, gives higher ductilities (than above), Figure 1060 and 
shows virtually no effect of the initial level of cavitation, Figure 
105. 
Raising the HIP temperature to 5000C. offers the best ductility, 
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and there is no effect from the initial cavity levels. Yet increasing 
the HIP temperature to 5301C leads to a drop in ductility and the 
effect of the initial level of cavitation is less clear. Similar 
observations are made on the vacuum-degassed material for the same 
HIP and heat treatment conditions, Figures 107 and 108, although the 
corresponding ductility values are slightly lower. 
The following conclusions can be made from the results :- 
(a) Ductility is affected by the initial level of cavitation in AF 
and AF + T6 material, although elongation values are greater in 
the latter. 
(b) HIPping the SPF material under conditions which close cavitation 
nullifies the influence of the level of initial cavitation on 
ductility, higher temp . eratures of HIP (up to 5000C under the 
same pressure and time) followed by the T6 treatment increases 
the ductility by up to 36% over the AF + T6 materialq although 
raising the HIP temperature to 5300C leads to a fall in the 
ductility. This effect may be attributed to the excessive grain 
growth of the material under the treatment conditions. 
The increase in ductility observed in degassed and non-degassed 
material, when HIPping at 28 MPa, I hour, for temperatures between 
4500C and 5000C (Figures 106 and 108) (followed by the T6 treat- 
ment), corresponds to the lower levels of cavity reappearance 
under these conditions, Figures 74 and 75. 
(d) Similar trends (as in a and b) are shown by AF material which has 
been vacuum degassed (as described in Section 9.5). 
9.6.2 EMect of HIP and Heat Treatments on UTS and 0.2% PS in SupraZ 
The T6 heat treatment on cavitated Supral 150 produces an increase 
in both the 0.2% PS and the UTS values by virtue of an age hardening 
mechanism, Tables 10 and 13, yet HIPping the specimens back to virgin 
material density has no effect on these properties, Table 14. Compari- 
son of the average mechanical property data given in Table 29 shows 
that HIPped and heat treated specimens have, 'slightly lower 0.2% PS and UTS 
values (Tables 18,23 and 25) than the AR +'T6 specimenst Table 13. 
This effect was at first thought to be attributed to excessive grain 
growth in the HIPped specimens, but grain size determinations, Table 
29, indicate that there is very little to distinguish between the 
grain growth characteristics before and after HIP. 
For vacuum degassed material, whose average property values are 
summarised in Table 30, there is still a drop in the 0.2% PS and UTS 
when HIPped at temperatures above 5000C. For example, the 0.2% PS 
has dropped by - 26% from that of AR + T6 material to that HIPped 
at 5300C, 28 MPa, for I hour and subsequently heat treated (T6). 
The comparison of the mechanical properties has been made from 
the average values given in Tables 29 and 3D, but inspection through 
Tables 10 - 28 will show that specimens given the'same treatment can 
have large differences (sometimes - 20%, Table 13)$ in the 0.2% Proof 
Stress (PS). This may be because they are taken from different top 
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hats, which have varying material properties. 
It is therefore clear from the results that HIP treatments have 
less of an effect on the 0.2% PS and UTS values, which are more 
sensitive to the heat treatments employed and to the original material 
properties. 
However, the beneficial effect of HIP on ductility through the 
elimination of cavitation, is clearly shown from the results. HIP at 
lower pressures does not remove the scatter found in the 0.2% PS and 
UTS values of SPF material from different top hats. 
Although the effect of increasing this HIP pressure to 100 MPa 
(at 5000C for 3 hours) on the mechanical properties of SPF material 
is given in Table 27 and shows improvements in all the 0.2% PS, UTS 
and ductility values over the AR material, the higher pressure has 
also reduced the scatter in the 0.2% PS values (which is - 9% for the 
worst case) for the specimens taken from different top hats. 
The mechanical property values reported in the literature for 
heat treated (T6) Supral 150 (153) are 270 MPa for the 0.2% PS, which 
is lower than the average value obtained in this investigation, Table 
13, a slightly higher UTS value of 390 HPa and a lower ductility, 6%. 
The authors do not state the SPF strain in the specimens, as this 
affects the ductility and, to a lesser extent, the 0.2% PS and UTS 
(32). 
9.6.3 MechanicaZ Properties of Wrought (Sheet) SupraZ 150 
The cold rolled sheet tensile test specimens gave an average 
0.2% PS value of 265 MPa and UTS of 273 MPa, Table 31, which are lower 
than those of AR and T6 specimens, Table 13. The heavily dislocated 
structure has recrystallised when the wrought alloy is annealed at 
4500C for 30 minutes, leading to the drop in both the 0.2% PS and 
UTS values, Table 32, yet an increase in ductility is observed. 
HIPping this material (at 4500C, 28 MPa, I hr), followed by 
solution treating, Table 33, shows a large increase in ductility* which 
falls on subsequent ageingg Table 34. The mechanical properties for 
this material are similar to those of SPF material which has undergone 
the same HIP treatment, Table 18. 
Table 34 also shows the slight rise in density of wrought Supral 
on HIPping; subsequent solution heat treating indicates a small 
decrease, perhaps due to hydrogen outgassing as discussed in Section 
9.5. 
9.6.4 Fracture 
Room temperature fracture of as-received Supral 150 is by a ductile 
shear process. The external fracture I's characterised by a 450 shear 
surface and failures by cavity growth and coalescenceo Figures 109a and 110. 
The cavitated SPF material fails again by growth and coalescence 
of voids, although the external fracture surfaces have a jagged mor- 
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phologyj as the material has tried to fail by shear but the cavitation 
in the material changes the crack propagation direction, Figure 109c. 
The failure process again is characterised by the growth and 
interlinkage of cavities, Figure 110. 
SPF material which has been HIPped back to theoreticel density 
fails in a manner similar to the as-received virgin materials Figure 
109d. 
I. 
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10. CONCLUSIONS 
Recrystallisation of as-rece. iVed Supral 150 occurs at tempera- 
tures above 4500C and growth obeys a relationship of 
In d 
Mli ,A 
kn t+c 
2. The dynamically-recrystallised, fine-grain structure in SPF 
Supral 150 is stable under static annealing up to 4000C, after 
which growth follows the same relationship as above. 
3. Cavity nucleation is associated with both ZrAl and CuA12 precip- 
itates under SPF. Cavities are largely locate2 at grain and 
interphase boundaries and growth is predominantly plastic- 
deformation controlled and increases with increasing SP strains. 
4. The activation energy associated with pressureless sintering of 
SPF cavities is found to be clos-e to that for grain boundary 
diffusion in aluminium. 
5. During HIP at pressures up to 35 NPa, complete cavity closure 
occurs when the external pressure is greater than the flow stress 
of the material at that temperature and strain-rate. The ratio 
of external pressure (Pe) to. the flow stress (af) needed to 
close cavitation increases with falling HIP temperature. The 
activation energy, fQ; ) associated with plastic flow was found 
to be 53.54 KJ mol-'-. 
6. The activation energy associated with pressure sintering is 
found to be close to that of grain boundary diffusion in alumin- 
ium. Sintering of cavities is enhanced by the application of 
pressures greater than 7 HPa. 
7. The material is shown to contain a high level of hydrogen 
(- 0.8ppm) which manifests itself by causing blistering on heat 
treatment, and is also responsible for the reappearance of 
porosity in material returned to theoretical density by HIPping. 
On subsequent heat treatment, the extent to which porosity 
returns is decreased either by HIPping at higher temperaturest 
or pressures,. or vacuum degassing the sheet material before HIP. 
8. Hydrogen is thought to go into solution under HIP conditions 
allowing cavity closure. At high concentrations the hydrogen 
migrates to defects, (such as inclusions, precipitates), forms 
molecular hydrogen and causes porosity on subsequent heat- 
treatment (pore size > 20 lim). At lower concentrations, 
C, K O. lppm) a post-HIP, high-temperature treatment yields smaller 
pores of 2-4 pm. 
9. HIP and heat treatments lead to abnormal grain growthp indicat- ing an inhomogeneous distribution of the fine ZrAl 3" used for 
grain boundary pinning and the importance of the finer 0 and 0' 
precipitates restricting grain boundary migration. 
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10. Room temperature tensile ductility is enhanced by the UP 
process, which also removes the influence of initial cavity 
levels on ductility observed in formed materialo 
A scatter in the 0.2% PS and UTS values is found in as-formed 
and heat-treated specimens, probably due to material variations. 
Low pressure HIPping does not reduce this effect, although 
higher pressures (100 HPa), do slightly enhance both the 0.2% PS 
and UTS whilst also drastically reducing the scatter. 
Room temperature fracture of as-received Supral is by a 450 
ductile shear process. The external fracture characteristics of 
the cavitated SPF material has a jagged appearance, as the 
fracture process due to shear is changed by the presence of 
cavities. 
SPF material which has been HIPped back to theoretical density 
fails in a similar manner to as-received material. All the 
specimens fail by a cavity growth and coalescence mechanism. 
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SUGGESTIONS FOR FURTHER WORK 
The areas in which further work can be undertaken from the 
present investigations are : - 
a. Characterising the SPF material variability and its effect on 
mechanical properties; more work is also needed on the disper- 
sion characteristics of inclusions and precipitates and their 
relationship to grain growth. 
b. Effect of post-forming HIP on other properties, i. e. fatigue, 
fracture toughness of superplastic alloys. 
C. Effects that varying the parameters of t. T and P during HIP has 
on cavity-closure mechanisms,, i. e. do longer times promote creep 
mechanisms which aid closure at lower external pressures (below 
the flow stress of the material at that. temperature and strain- 
rate). 
d. Vary the initial level of hydrogen in the material (during the 
casting stage) and see whether lower levels promote less 
porosity reappearance in SPF material HIPped to theoretical 
density on subsequent heat-treatment and also determine whether 
this porosity is caused by partially sealed cavities re-opening 
or if it is caused by the expansion of hydrogen gas which has 
collected at metal imperfections, such as precipitates and 
inclusions. 
e. Determine the effects that external sources of gas (e. g. humid 
furnace atmospheres) have on hydrogen uptake into the alloy. 
Ascertain the behaviour of hydrogen in the alloy during HIPO and 
how this varies under different HIP conditions. 
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IMPLICIT REAL *8 (A-B, O-Z) 
REAL PH(50) 
1 continue 
print'(" Input gamma, A, RI, X 
READ(5, *) GAMMA, A, Ri, X 
APPENDIX A 
print, (## Input new Pi 
READ(S, *) Pi 
print'(" Are the values for Ph new 
READ(5, *) I 
if(I. EQ. 2) goto 2 
print'(" Input number of Ph values 
read(5, *) N 
do 3 1.1, N 
print'(" Input Ph 
read(5, *) PH(I) 
3 continue 
2 continue 
write(6,6) GAMMA, A, RI, X 
6 format('Gamma-1, F8.4,1 A-1, F8.4, t Ris', F8.4, ' Xw#, F8.4) 
do 4 1.1, N 
write(6, *) PS(l), PI 
CALL PLOT(GAMMA, A, RI, X, PH(l), Pl) 
4 continue 
vrite(6, *) (I --------------------------------------- 
printl("'To run again? 
READ(5, *) M 
if(M. eq. 1) goto I 
STOP 
END 
SUBROUTINE PLOT(GAMMA, A, RI, X, PH, PI) 
implicit real (A-H, O-Z) 
REAL R(50), T(50) 
print'( II Are the values--for R new-: - 
read(5, *) NEV 
if(NEV. EQ. 2) go t6 3 
print'(" Input number of values for R 
read(5t*) M 
do 1 1.1, M 
print, (" Input R 
read(5, *) R(I) 
continue 
3 continue 
vrite(6, *) 
do 2 I. 1, M 
CALL INTEG(GAMMA, A. RI, X, PH, PI, R(I), T(I)) 
VRITE(6, *) T(I) 
2 continue 
DO 4 1.1, M 
WRITE(6, *) R(I) 
4 CONTINUE 
vrite(6, *) 
return 
END 
SUBROUTINE INTEG(GAMMA, A. RI, X, PH, P1, R, T) 
implicit real (A-H, O-Z) 
GH-(R-RI)/20 
T-0.0 
-RV=R-, 
CALL FUNCT(GAMMA, A, RI, X, PH, PI, RV, TV) 
T-T+TV 
RV*RI 
CALL FUNCT(GAMMA, A, RI, X, PH, PI, RV, TV) 
T-T+TV 
if(R. NE. RI) then 
do 74 1-1,19 
RVsRV+GH 
CALL FUNCT(GAMMA, A, RI, X, PH, P1, RV, TV) 
T-T+3. O*TV 
74 continue 
endif 
GH-3.0*ABS(GH)/8 
T-T*GH 
return 
END 
SUBROUTINE FUNCT(GAMMA, A, RI, X, PH, PI, R, T) 
implicit real (A-H, O-Z) 
Al-R'**2/A .I -- .1 1- 
Ai'-2*GAMMAIR+PH-PI*(RI/R)**3 
A3. LOG(X/R)-0.75 
T=(Al/A, ')*A3 
return 
END 
Table 1, - CASTING-ALLOYS CURRENTLY PROCESSED BY BIP___(45) 
r 
Casting Alloy Temperature 
Stellite 
*ý 
I 
. 2030"C 2I-Co superalloy Ren. c. 80-Ni-superalloy 1 
2.00 11 c 
Rene, I 20-Ni superalloy 1.220'C 
17-41-114-steel 1,1 80'C 
Ti-6A 1-4V- titanium 970'* C 
760" C 
. 
No. 903-tin bronze 
A3.56ýaluminium 540"C' 
Table 2- STRAINS WHERE AN E 
C 
STRUCTURE IS ACHIEVED 
ous 
AIIOY Engineermg-sttaiW-(7v)A 
Al-CU-ZI 50' 
60/40 Brass < 30 
cu. P < 30 
Cu-Zn-Fe < 40 
I N-744 < 80 
AI-Cu eutectic. 15 
Pb-Sn eutectic '~5 
Tii-6AI-4V o* 
*Static annealing at the test temperature. 
Table 3- SUMMARY SHOWING HOW THE VARIOUS THEORIES FOR SP_ 
DEFORMATION FIT THE EXPERIMENTALLY OBSERVED 
BEHAVIOUFOF SP MATERIALS 
-Experi- Ball-Hutch- 
mentally 
Required 
Ashby. 
Verall 
inson + 
Mukherjee' Mukhedee- Gifkins Gittus 
Microstructural 
Grain-boundary 
sUding yes Yes Yes 
Yes Yes Yes 
Grain-boundary 
migration Yes 
". Equiaxed grain 
Yes Yes Yes Yes Yes Yes shape 
Grain rotation Yes Yes Yes 
Yes 
3-D grain Yes 
rtarrangernent 
Dislocation activity 
Yes 
Yes Yes Yes Y Yes 
Dislocation pile-ups No No Yes Yes es 
Grain-boundary struc- 
turt related details yes No No 
No No No 
Table 4- POSSIBLE MECHANISMS OF PRESSURE SINTERING (135) 
chanism Mechanism 
Transport path bensifying Stages tumber for matter 
From To Mechanizes Operative 
0 glastic 
I Plastic 
710dins peck region 
Porosity 
x surface 
2 rowr-law Neck region Porosity I creep surface 
3 Boundary diff i 
Grain 
boundary Porosity Is on us in seek surface 
4 Lattice Grain Porosity diffusion boundary Is surface 
is Back 
5 surface diffusion surface 
Porosity 
surface 
6 Lattice diffusion surface 
porosity 
ýSvrfaco 
0 
1-3 
1-3 
1-3 
1-3 
surface Porosity 
surface 
Table 5- QUANTIMET 720 ANALYSER CALIMMION 
1 
OBJECTIVE AXIS 
2 AREA (mm RADIUS (pp) 
1.49 1.15 1.713 1.85 pm 
xio 0.76 0.61 0.463 1.08 pm 
X40 0.18 0.15 0.027 0.262 pm 
Table 6- HEAT TREATMENT SCHEDULES FOR SUPRAL 100/150 
T6 TREATMENT 
SOLUTION TREATMENT 
Solution treat by heating uniformly at a temperature of 5300C± 
50C for 60 minutes ± 10 minutes and quench rapidly in a 30 - 50% 
aqueous solution of Quindella at a temperature not exceeding 400C. 
ARTIFICIAL AGEING 
. ', 
Artificially age by heating uniformly at either 
a) 1650C ± 50C for 20 hours 1 hour or 
b) 1750C ± 50C for 10 hours 1 hour or 
cl 1850C ± 50C for 5 hours 1 hour. 
Table 7- VIRGIN MATERIAL STATIC ANNEALS 
2000C and 300 0C- Partial Recrystallisation - Difficult to do Grain 
Sizes'. 
TEMPERATURE - 400 0C 
TIME GRAIN SIZE (d 
mzi) 
(Hours) T (um) ST (um) AIR. (T/ST) 
up to 
2 hrs. BANDED STRUCTURE 
5 hrs 16.12 15.92 1.012 
TEMPERATURE 450 0C 
1 9.58 7.32 1.31 
1 10.8 8.76 1.23 
2 19.23 16.25 1.18 
5 25.20 20.23 1.24 
15 35.77 29.54 1.20 
TEMPERATURE 530 0C 
20.87 15.37 1.32 
1 35.7 30.23 1.18 
2 40.32 38.54 1.05 
5 54.05 42.67 1.26 
15 75.32 64.54 1.16 
Table 8- DATA FOR S. P. F. SUPRAL 150 CAVITATED COUPONS, HIPped 
AT 3600Cs 28 MPa, FOR VARIOUS TINES AND SOLUTION- 
TREATED (5300C 1 HOUR, COLD-WATER-QUENCHED) 
SPECIMEN c3 
A 
PA. R. 
B 
Pau 
c 
PHIP+S. T. 
TIME 
(HOURS) 
1 0.0503 2.7499 2.8172 2.7738 1 
2 1.0532 2.74923 2.81288 2.78048 1 
3 1.100 2.73978 2.80907 2.76476 1 
AVERAGE 2.74630 2.81305 2.7730 
4 0.9457 2.7599 2.81058 2.77166 2 
5 0'. 9407 2.76075 2.81136 2.77673 2 
6 0.9528 2.75876 2.81035 2.77680 2 
AVERAGE 2.75980 2.81076. 2.7750 
7 1.0151 2.73805 2.80566 2.77270 5 
8 1.0614 2.73016 2.80938 2.78201 5 
9 1.0936 2.7347 2.80952 2.77934 5 
AVERAGE 2.7343 2.8081 2.77801 
10 0.9431 2.76674, 2.80796 2.78324 10 
11 0.9578 2.75184 2.80991 2.78578 10 
12 0.9507 2.7767 2.81010 2.78563 10 
AVERAGE 2.7651 2.80932 2.7848 
Table 9- RESULTS OF HYDROGEN CONTENT DETERM INA TION 
OF Al - 6Cu - 6.5Zr ALLOY SHEET 
SAMPLE HYDROGEN CONTENT 
(ppm) 
B13 0.80 
A8 0.80 
A5 0.53 
C17 0.86 
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Figure 2- Helicopter skid shoe, conventional design (Z) and SPF-Al 
design (r). (20). 
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Figure 3- Potential uses of SPF aluminium in avionics compartment 
(21). 
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Figure 4- Studies showing the potential of SPF materials in structural applications (22). 
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Figure 5- Predicted areas of SPF usage in Tornado include fins, 
ýfore planes, air-intakes etc. (17). 
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Figure 6- Effect of superplastic strain on void volume in SUPRAL 
alloys (32). 
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Figure 7(a) - Stress-strain, behaviour of SP materials. 
Figure 7(b) - Strain7rate sensitivity versus strairr-rate for a SP 
material. 
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Figure 8- Woodford's classic graph of m versus elongation for SP 
metals (80). 
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Figure 9- Initial grain structures in worked 
materials; generally* 9a results from extrusion or 
swaging and 9b from rolling processes (84). 
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Figure 10 - The variation of the 'grain enhancement' parameter (tn 
Ad/da) increases with strain, reaching a maximum at 
intermediate strainý-rates (89). 
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Figure 11 - Shows how the grain growth due to deformation increases 
with larger strain-rates for various materials(90). 
Figure lla- The strain-rate dependence of excess vacancies, ACV in 
Zn - 0.4% Al alloy (90) 
75 
12 
4 
700 
15 
50 
25 
0 
II ut - 
MA 8 AM9 6 
mg alloy At alloy 
Figure 12 - Contributions of grain boundary sliding 
(GBS), 
intragranular dislocation slip (IDS) and diffusion 
creep(DC) to deformation of two alloys (84). 
(a) 
_____ . 
(b) 
________ Cc) 
0 
Figure 13 - Schematic diagram showing the mechanism by which the 
boundaries become curved; (a) initial state, (b) after 
sliding (c) after separation at triple points (96). 
Figure 14 - Schematic representation of strain-induced boundary 
migration (97). 
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Figure 15 - Sequence for three dimensional grain re-arrangement (101). 
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Figure 16 Schematic illustrations of (a) Ball-Hutchison model 
(105) for slip accommodation of GBS; (b) Slip 
accommodation from grain boundary ledgess Mukerjee (106) 
and (c) Cifkins core-mantle theory (107) with 
accommodation by dislocation motion in and near grain 
boundary. 
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Figure 17 - Illustration of Ashby-Verrall (108) grain switching 
mechanism. 
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Figure 19 - Schematic stress-strain curves for two types of SP 
materials -a ductile PbCd and a quasi-brittle a/B 
brass. 
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Figure 20 - Illustrations of the role of substructure under 
different conditions. 
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Figure 22 - Dependence of cavitation on strain as observed by 
Ghosh 
in reference 23. 
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Figure 22(a)- Cavities nucleated at inclusions on a grain 
boundary 
after Raj and Ashby. 
Figure 23 - Geometry of cavity radius aq residing on a grain 
boundary (viewed normal to the boundary). The mean 
cavity spacing in the boundary is 2c 
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Figure 24 - Effect of SP strain and cavitation on the as-formed 
tensile properties of Supral 100,150 and 220 (32)o 
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Figure 25 - The effect of beat treatment on micro-cavitation level 
in SUPRAL alloys (19). 
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Figure 26 - Typical HIP densification diagram after Ashby (135). 
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Figure 27 - The role of grain boundaries in pore shrinkage 
illustrated by studies of filling of interstices of fine 
copper wires. The lower figure illustrates less 
porosity around grain boundaries (138). 
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Figure 28 - The mechanism of sintering by diffusion processes in 
Ni 
- 2% Alumina alloy. Note how the original particle 
distribution. is not preserved (140)* 
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Figure 29 Mechanisms which contribute to sintering during stage 
densification in powder metallurgy (137). 
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Figure 30 - Mechanisms operative during stage 2 and 3 densification (135). 
4 
01 
cr 
. 
c8 
Figure 31 - Final stage densification for pressure sintering 
based 
on the collapse of a thick spherical shell of 
inner 
radius z and outer radius r. 
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Figure 32 - 
Tim-c: s 
THE: 
Theoretical analysis for annealing of grain boundary 
cavities (38) showing increasing external pressure 
reduces time for cavity closure (b) presence of internal 
gas pressure prevents complete cavity closure. 
Figure 33 T, ST and L directions with respect to the rolling 
direction (RD) in sheet Supral. 
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Figure 34 - Arrangement used for measurement of density 
in Supral. 
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Figure 35 - Schematic diagram of HIP pressure vessel. 
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Figure 36 Gas pressurising circuit for HIP unit. 
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Figure 37 Control and alarm circuit for HIP unit. 
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Figure 38 - General view of vacuum degassing facility. 
Figure 39 - Optical micrograph of as-received (virgin) SUpRAL 
150 
edge section banded structure and large ZrA'13 particle. 
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Figure 40 - The influence of temperature and time on the 
recrystallisation behaviour of as-received SUPRAL 150 
after (a) 2 hours at 400*C (x 300), (b) I day at 400*C 
(x 300) and (c) after solution-treatment (x 150). 
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Figure 41 - Main Linear Intercept (d ) versus time (t) for 
as-received virgin Supra. 11150. 
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Figure 44 - Nature of grain boundary cavitation 
in SPF SUPRAL 150. 
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Figure 45 - Variation of cavitation with thickness strain in SPF 
disc of SUPRAL 150. 
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Figure 46 - The variation of thickness strain with specimen location in SPF 'top hat' disc. 
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Figure 47 - Micrographs of SPF Supral 
150 edge sections showing as- 
received SPF cavity morphology 
(x 75). 
(x 300) 
Figure 47a - SPF Supral 150 micrograph showing grain structure 
after 
forming (x 300). 
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Figure 47b Figure showing the complete adhesion of 
the aluminium 
cladding to the matrix (x 300)- 
75) 
Figure 47c - Grain size in SPF Supral 150 after static anneal at 
450*C for I day. Note range of grain sizes. 
7 
(x 75) 
Figure 47d - Variable grain size in SPF Supral 150 after the T6 heat 
treatment. 
Figure 47e - SEM micrograph of SPF cavity showing 
its association 
with CuAl. precipitates. 
Figure 47f - Cavitation associated with CuAl 2 at higher 
magnification. 
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Figure 48 The effect of annealing temperature and time on SPF 
grain size stability. 
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Figure 53 - Effect of annealing time on the sintering of cavities 
(given by (Ap/p 
O)f 
) at different temperatures. 
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Figure 65 - Plot showing the effect of HIP temperature and pressure 
on cavitation in material taken from Region A (initial 
cavitation levels - 3%) 
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Figure 66 - The effect of HIP temperature and pressure on cavitation 
in SPF Supral 150 taken from Region B (initial cavity 
level - 2.5%). 
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Figure 67 - The effects of HIP temperature and pressure on 
cavitation in SPF Supral 150 from Region C (initial 
cavity levels - 1.75%). 
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Figure 68 Shows the conditions of temperature and pressure which 
return cavitated material to theoretical density. 
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Figure 69 - Figure showing the variation of flow stress with 
temperature and strain-rate in Supral (from Bricknell 
and Bentley (158)) along with the values of external 
pressure and temperature required for complete cavity 
, 
closures from Figure 68. 
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Figure 70 - The Arrhenius plot used to determine activation energies 
at constant strain-rate (Qj) from the data in Figure 680 
assuming the external pressure needed for hole closure 
equals the flow stress of the material at that 
temperature ayd strain-rate, giving a value of Qi of 
53.54 KJ mol- . 
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Figure 71 - The time needed for cavitY closure under 28 MPa at 360*C 
and 450*C in Supral 150. 
0 
(x 40) 
Figure 72 - Micrograph of SPF Supral 150 after HIP (450'C, 28 MPa, 
Jhr) showing no visible cavitation (x 40). 
300) 
Figure 72(a)- As above, but etched to show structure (x 300). 
(x 75) 
Figure 72(b)- Optical micrograph of SPF Supral 150 after 
HIP (28 MPa, 
45011C) 1hr) + T6 (x 75). 
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Figure 73 - Effect of solution-heat treatment on cavitation in SPF 
Supral 150. 
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Figure 73 - Effect of solution-heat treatment on cavitation in SPF 
Supral 150. 
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Figure 74 - The influence of HIP temperature 
(at 28 MPa, I hr) on 
the extent of porosity reappearance on heat-treatment in 
SPF material originally returned to theoretical density. 
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Figure 75 - The influence of vacuum degassing 
(at 28 MPa, thr) on the extent of 
in cavitated Supral (HIPped to th 
after subsequent heat treatments. 
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Figure 76 - The nature of porosity reappearance 
in SPF Supral 150, 
HIPped (450*C, 28 MPa, jhr) to theoretical 
density and 
solution heat treated (T6) 
(x 40). 
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Figure 76(a)- The nature of porosity reappearance 
in SPF Supral 150, 
HIPped (4500C, 28 MPa, jhr) to theoretical 
density and 
solution heat treated (T6) (x 75). 
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Figure 77 - The effept of increasing time of HIP (at 28 MPa, 360*0 
on porosity reappearance during subsequent 
T6 treatment. 
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Figure 78 - The effect of heat treatment on SPF cavitation in Supral 
150, cavities have become rounded (x 40). 
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Figure 79 - The nature of the fine porosity reappearance in 
cavitated Supral 150 (returned to theoretical density 
[at 5000C, 28 MPa, Jhrl) on subsequent T6 heat treatment 
(x 40). 
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Figure 79(a)- The nature of the fine porosity reappearance in 
cavitated Supral 150 (returned to theoretical density 
[at 500*C, 28 MPa, jhr]) on subsequent T6 heat treatment (x 300). 
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Figure 81 - The nature of cavitation in SPF_§upral 150 which has 
been vacuum degassed (500*C, 10 torr, 1 hour) and 
subsequently T6 heat treated (x 40). 
75) 
Figure 81(a)- The nature of cavitation in SPF gupral 150 which has been vacuum degassed (500*C, 10 torr, 1 hour) and 
subsequently T6 heat treated (x 75). 
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Figure 82 - Optical micrographs showing the porosity which reappears 
on T6 treating SPF Supral 150 which has been vacuum 
degassed and HIP (450*C, 28 MPa, jhr) back to 
theoretical density (x 40). 
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Figure 82(a)- Optical micrographs showing the porosity which reappears 
on T6 treating SPF Supral 150 which has been vacuum 
degassed and HIP (450*C, 28 MPa, thr) back to 
theoretical density (x 300). 
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Figure 86 - Optical micrograp 
h showing the variation 
in grain size 
encountered in SPF Sgpral 
150 which has been vacuum 
degassed (500*C, 10 torr, 1 
hour) and T6 heat 
treated 
(x 40). 
40) 
Figure 87 - Variation in grain size of 
SPF Supral 150 which has 
been 
vacuum degassed, HIPped (450*C, 
28 MPa, +hr) and T6 heat 
treated (x 40). 
40) 
Figure 87(a)- As in Figure 87 but for different specimen (x 
40). 
(x 300) 
Figure 87(b)- As in Figure 87 but for different specimen (x 300). 
Figure 88(a)- SEM micrograph showing the nature of cavitation and 
distribution of precipitates in SPF and heat treated 
Supral 150. 
Figure 88(b)- Distribution map for copper of above using 
wavelength 
dispersive analysis facilities on SEM* Al 
Figure 88(c)- Distribution map for area in Figure 88(a) of iron. 
Figure 88(d)- 148P for area in Figure 88(a) of silicon. 
Figure 89 - Distribution map for zirconium using energy dispersive 
analysis on SEM which is able to detect large ZrAl 3 
particle, shown in Figure 89(a). 
Figure 89(a)- Photograph of SPF Supral 150 containing ZrAl 3 particle. 
Figure 90(a)- SEM micrograph showing a variation in grain size of SPF 
Supral 150 which has been vacuum degassed, HIPped 
(500*C, 28 MPa, jhr) + T6. 
Figure 90(b)- Distribution map for zirconium in above area fails to 
detect any variation in zirconium distribution with 
grain size. 
Figure 90(c)- As above but at higher magnification. 
Figure 91 - SEM micrograph of SPF Supral 150 which has been vacuum 
degassed, HIPped (500*C, 28 MPa, Jhr) + T6, used for 
spot analysis across the edge section. 
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Figure 92 - Spot analysis results for zirconium across section in 
Figure 91, showing no zirconium in claddingg but fairly 
homogeneous distribution in matrix. 
Figure 93 - Line scan for copper across matrix/cladding interface 
showing some copper in cladding in SPF Supral 150 after 
heat-treatment. 
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Figure 93(a)- Spot analysis for copper in clad layer showing a small 
concentration of copper. 
Figure 94(a)- TEM micrograph of as-received virgin Supral 150 showing 
heavily dislocated structure (x 3K) 
Figure 94(b)- TEM micrograph of as-received virgin Supral 150 showing 
heavily dislocated structure (x 17K) 
Ab 
Figure 94(c)- Effect of increasing temperature (in TEM hot stage) to 450*C, producing dislocation free sub-grains (x 17K) 
x 200 
Figure 95 optical hot stage micrograph of 
SPF Supral 1.50 at 530"C 
under a vacuum at start 
(x 200). 
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Figure 95a - optical 
hot stage micrograph showing how there is little 
effect on the surface of SPF Supral 150 (which has been 
HiPped to theoretical density) when heated in a vacuum 
at 5300C for I hr (x 200). 
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Figure 96 - optical 
hot stage micrographs of SPF Supral 150, HIPped 
(450*C, 28 MPa, I hr) + T6 (a) shows surface when in 
vacuum at start, raised temperature to 530*C, no change. 
(b) Introduced Argon, in 15 minutes have oxide layer and 
porosity, as in (c) also. All x 200. 
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Figure 97 Optical hot stage micrographs of the surface of SPF 
Supral 150 when heated in Argon at 530*C, shows the 
development of the oxide layer and porosity (x 200). 
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Figure i8 - Variation of cavitation with natural strain for SPF 
Supral 150 using the Stowell Analysis (69). 
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Figure 99 - Plot showing the variation of density in SPF Supral 
150 
with external pressure and temperature. 
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Figure 102 - Plot of the variation of the ratio of external pressure 
(P 
e) to 
flow stress Of) at a particular temperature avý! 
strairr-ratet with temperatures 
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Figure 105 - Effect of initial cavity levels (measured by density) 
and subsequent treatments on final elongation in room 
temperature tensile tests on SPF Supral 150. 
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Figure 107. Effects of initial specimen density and subsequent 
treatments on room temperature ductility in vacuum 
degassed SPF Supral 150. 
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Figure 109(a) Photograph showing the fracture surface of virgin Supral 
150 tensile test specimen. Note the 45* Shear fracture 
surface. 
Figure 109(b) As above but HIPped (450*C, 28 MPa, jhr) and T6 showing 
the ductile shear fracture. 
Figure 109(c) Fracture surface of SPF cavitated Supral 150; note 
Jagged appearance where shear fractore direction is 
changed by cavitation. 
'i 
Figure 109(d) As above, but after HIP (450*C, 28 MPa, jhr) and T6 
showing the return to the 45* shear fracture seen in 
Figure 109(b). 
Figure 110 - SEM micrograph showing the cavitated nature of the 
fracture surface in Supral 150 tensile tested at room 
temperature. 
Mir qw VII! ft. 
am ilk- 
A- 
dgdbbll, 46 
Figure 110(a) As above but showing failure by cavity interlinkage. 
